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Economic Information 
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1. In trodu ction
T he rap id  developm ent of data b a se s  in the la s t  decad e y ie ld e d  quite  
a v a r ie ty  of data b a se  m odels a s  w e ll  as m odels o f the " rea l w orld " . R ather  
u n fortu n ately , in  author’s op in ion , the la tter  a r e  v e ry  c lo s e ly  r e la ted  to p a r ­
tic u la r  data m od els , as if  th e ir  ad h eren ts tr ied  to advocate data b ase  d e s ig ­
n e r s  to look at the r e a l w orld  through the k ey h o le  o f data m od el. In sp ite  of 
i t s  ob v iou s p r a c t ic a l ad van tages su ch  approach h as equally  obviou s m ethodo­
lo g ic a l  sh ortco m in g s: one " rea l world" m odel e x p r e s s e d  in  term s con n ected  
w ith  a p a r ticu la r  data m odel can  h ard ly  be im plem ented u s in g  another data  
m od el. M o reo v er , and what p erh a p s i s  m ore im portant, having som e r e a l  
w orld  s itu a tio n  it  i s  a lm ost im p o ss ib le  to argue se n s ib ly  that one data m odel 
i s  ad van tageou s to an oth er . T he op era tio n s o f m od ifica tion , updating and, 
m ore g e n e r a lly , o f aggregation  of data b a se s  n eed  in p a r ticu la r  data m odels  
( e . g .  r e la t io n a l, h ie r a r c h ic a l, n e tw o rk -lik e  e t c .  ) som e ex tra  inform ation  
from  o u tsid e  o f the m odel to s e c u r e  sem an tica l in teg r ity  of the r e s u lt  of th o­
s e  o p e r a t io n s . T h u s, in  au th or’s op in ion , the c la im s co n cern in g  a lg e b r a ic a l  
p r o p e r t ie s  o f qu ery lan gu ages u n d erly in g  p a r ticu la r  data m odels are  v a stly  
ex a g g er a te d  i f  p r e se r v in g  of sem a n tica l c o r r e c tn e s s  i s  taken into accou n t. 
E . g .  not e v e r y  form ally  adm itted: join  in  r e la t io n a l m odel, in se r t in g  a su b ­
n et in to  a netw ork  e tc . lea d s  to a r e s u lt  s t i l l  r e f le c t in g  r e a l  w orld  s itu a tio n . 
To form  a b a s is  for  query lan gu age d es ig n  it i s  n e c e s s a r y  to build a m odel 
of r e a l  w orld  and p r o c e s s  o f accum ulating the k n ow led ge about it ;  such m o­
d el en a b les  to d e sc r ib e  not on ly  the " syn tactica l"  r e s u lt  of an op eration  
( i . e .  the co n ten ts  of the r e c o r d ( s )  r ep re sen tin g  the r e s u lt )  but a lso  the 
"sem antical"  in terp re ta tio n  of input and output d a ta . T h is paper i s  an a tte ­
mpt to build  su ch  a m odel.
8T he fo llow in g  "program  p o stu la tes"  w e re  assu m ed :
( a )  the m odel o f the " rea l w orld" should b e , a s  far a s  i t  i s  p o s s ib le , 
independent o f any p a r tic u la r  data s tr u c tu r e  a n d /o r  m odel
(b )  the " rea l w orld" c o n s is t s  o f a fin ite  num ber of d is c r e te  ob jects w h ich  
can be d is tin g u ish ed  one from  another w ith in  the m odel
( c )  the " rea l w orld" s ta y s  in  ex a c tly  one'fetate" (a t g iv e n  moment o f t im e);  
such  " sta te" , w hich  form ally  i s  a s e t  o f o b jects  i s  in terp re ted  a s  the  
d e scr ip tio n  o f the r e a l  w orld ; in  the p r o c e s s  of kn ow led ge accu m ulation , 
h o w ev er , many s ta te s  a r e  adm itted as p o ten tia l d e sc r ip t io n s  of the w orld
( d )  the a c ts  o f co g n itio n  in  w h ich  only in com p lete  in form ation  on o b jec ts  i s  
aquired  should  be r e p r e se n ta b le  in  the m odel.
The r e p r e se n ta tio n  o f kn ow led ge in  the p rop osed  m odel i s  d iv ided  in to  
two p a r ts , v i z .  so  c a lle d  "theory" and "experim en t" . T he f ir s t  r e p r e s e n ts  
the in form ation  on r e s tr ic t io n s  v a lid  in e v e r y  in sta n ce  o f the r e a l  w orld  and 
the la tter  the in form ation  on p r o p e r tie s  o f som e p a r ticu la r  "real w orld" in s ­
ta n ce . Roughly sp eak in g , th ey  co rresp o n d  to "a p r io r i"  and "a p o s te r io r i"  
know ledge about the w o r ld .
92 . D efin ition s and p re lim in a r ie s
L et X be a fin ite  s e t  o f ob jects  of the r e a l  w o r ld . The p ow er s e t  o f X w ill  be  
denoted  b y $  ( x )  a n d f ( x )  w ill denote the p o w e r se t  of X m inus the empty su b ­
s e t .  Any sfiP (X ) i s  r e fe r r e d  to as a s ta te . T he s ta te  s=Cx , x. , . . . ,  x. ] i s  
о lj. 1 > i n
in terp re ted  as the p o s s ib il i ty  of sim ultaneous o c cu ren ce  o f the r e a l  w orld  ob­
je c ts  x. ,x . , . . . ,x .  .In  p a r ticu la r , s=0 r e p r e s e n ts  the p o s s ib il i ty  of an em - 
ú  12 xn
pty o ccu ren ce  of o b je c ts .
L et $ ( X )  = |P (J* ( x ) ) .  The kn ow led ge about r e a l  w orld  i s  r e p r e se n te d
о о
by S ( x ) f S ( x ) .  A ccord in g  to the rem ark s in the p rev iou s s e c t io n  any r e p r e ­
sen ta tio n  of k n ow led ge i s  com posed of two p a r ts , v iz .  a th eory  S ( x ) é  $ ( x )  
and an experim en t S ( x ) « $ ( x ) .  T he fa c t that s e S ( x )  ( s *  S (X  )) m eans that 
the s ta te  ■» ( s_ ) i s  adm itted from the point o f v iew  of th eory  S ( x )  ( e x p e r i­
m ent S ( x ) .  A cco rd in g ly , if  s$  S ( x )  ( s ^ S ( x ) )  then the s ta te  s' ( s^  ) i s  fo r ­
bidden from the p o in t o f v iew  of th eory  S ( x )  (ex p er im en t S ( x ) ) ;  the th eory  
S ( x )  (exp er im en t S ( x ) )  i s  eq u iva len t to the sta tem ent: " ex a ctly  one s ta te  s’
( s_ ) of a ll s £ S ( x )  ( s é S ( x ) )  may co rresp o n d  to the actual s itu a tio n  in the 
r e a l  w orld " . It th e r e fo r e  fo llo w s that the th eory  S ( x )  = 0 (ex p er im en t S ( x ) =  
=0)  i s  s e lf -c o n tr a d ic to r y , as th ere  a re  no s ta te s  at a l l .  S u ch  th e o r ie s  ( e x ­
p er im en ts) may o ccu r  a s  the r e s u lt  o f a g g reg a tio n  ( s e e  below  ) and in d ic a ­
te  that the d e sc r ip t io n s  o f the r e a l w orld  in  the form  of th e o r ie s  ( e x p e r i­
m ents ) are  c o n tr a d ic to r y . The to ta l kn ow led ge about r e a l w o r ld  S C( x )  £
Í S ( x ) ,  r e p r e se n te d  by the th eory  S(x)  and experim en t S(x)  i s  com puted  
by m eans of c o n c lu s io n  op eration :
s c ( x )  = c ( s ( x ) ,  s ( x ) )  = S ( X ) . S ( X )
( " . "  d en o tes  the c r o s s - s e c t io n  of fa m ilie s  of s u b s e ts )
It should be noted  th at the co n c lu s io n  o f nonem pty th eory and exp erim en t may 
be empty fam ily . S u ch  r e s u lt  o c cu rs  if f  the th eo ry  and exp erim en t a re  m utually
10
co n tra d ic to ry .
In the seq u e l the sym bol S ( x )  w ith no su p e r sc r ip t  or bar is  u sed  to denote  
e ith er  theory or exp erim en t or co n c lu s io n  w hen g iven  form ulae a r e  v a lid  in e i ­
ther c a s e .
D efinition 2 . 1 .
The p ro jection  o f a s ta te  s on the s e t  X, denoted  by sl, i s  equal to
l x
.  sn X
The p ro jection  o f a th eory ( exp erim en t, c o n c lu s io n  a c c o r d in g ly )  S ( x ^ )  on 
the s e t  X2 , d en oted  by S ( X ^ ) j ^  i s  equal to
S(XA  = , VL sx J
s f S ^ )
( " Ц  " d en o tes  the union o f fa m ilies  o f s u b s e t s ) .
D efinition 2 . 2 .
The dedu ctive agg reg a tio n  of th eo r ie s  (e x p e r im e n ts , c o n c lu s io n s )  
and ^ 2 ^ 2 ^  *S a ^ ео г^ (ex p er im en t, c o n c lu s io n )  equal to
D ( S 1 ( X 1 ) ,  S 2 ( X 2 ) )  = L s : ( 3 s 1€ S 1 ( X 1 ) ) ( 3 s ^ S 2 ( X 2 ) ) ( ( s  = s 1v; s 2 ) a (
= S 1( X 1) . S 2 ( X 2 )
S 1( V
s r 32 ) ) ] -
( 1  )
Inform ally, the d efin ition  is  b ased  upon the p o licy  "adm itted is  only that 
what is  e x p lic it ly  adm itted by both th eo r ie s  (ex p er im en ts , con clu sion s)'.' 
C lea rly
d(s (x ), s  (xJ ) ç î (x a x J
1 i z z о I z 
D efin ition  2 . 3 .
The ind uctive agg reg a tio n  o f th eo r ie s  (e x p e r im e n ts , c o n c lu s io n s )  S^(X^) 
and S 2 ( X2 ) i s  a th eory  (ex p er im en t, c o n c lu s io n ) equal to
11
l ( S 1( x 1), S 2 ( x 2 )) =
= [  s :  (3 s1«S1(X1) ) ( 3  s 2€ S 2 ( X 2 ) ) ( ( s = s 1ü s 2 ) a ( s 1| x  = s ^ x  ^  ( 2 )
Inform ally , the d e fin itio n  is  b ased  upon the p o licy  "everyth in g  is  adm itted  
what is  not e x p lic it ly  forbidden by any of th e o r ie s  (ex p er im en ts , c o n c lu s io n s )" .  
C le a r ly
1 ( s  (x  ), s _ ( x j ) c £ (  X.uX )
I I  A A о Í A
From  the d e fin itio n s  2 . 1 .  - 2 . 3 .  the fo llow in g  r e la t io n sh ip s  can be d e r i ­
ved:
D ( S 1( X 1), S 2 ( X 2 ) ) C l ( S 1( X1), S 2^X 2 ^
d (S^(x  ),  S 2 ( x ) )  = U s ^ x ) ,  S 2 ( x ) )  
d ( s ^(x ^), S 2 ( x 2 ))  = D ( s 2 ( x 2 ), s ^ x ^ )  
l ( S 1(X1), S 2 ( x 2 ) ) =  l ( s 2 ( x 2 ), s ^ x ^ )
“ ( s f t ) ’ s 2(x2))|x 6  S jIXj )
U s ^ x ^ ,  S 2 ^X2 ^ l x  -  S 1('X1')
D Í D Í S ^ X ^ ,  S 2 ( x 2 ) ) jx  , D i s ^ x ^ ,  S 2 ( x 2 ) ) | x  ) =
= D i s ^ x ^ ,  S2 ( x 2 ))
l(l(si(V ’ s 2(x2))|v  l i s f y ) ,  s 2U 2))h J  .
= U s ^ x ^ ,  s 2 ( x 2 ))
D Í C Í ^ Í X ^ ,  s ^ x ^ ) ,  C(S2 (X2 ), S2 ( x 2 ) ))  =
- c í d í s ^ ) ,  s2 ( x 2 )), D ÍS ^ X ^ ,  S2 ( x 2 )))
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КсЦСх^, sl(x1))f c(s2(x2), s2(x2))) =
= c ü C s ^ ) ,  s2(x2))f Us^x^, s2(x2)))
T he la s t  two e q u a lit ie s  co n stitu te  in fact the law s of com m utativity betw een  
d ed u ctive  ( in d u c tiv e )  aggregation  and c o n c lu s io n . T h o se  law s a r e  valuab le  in  
p r a c t ic e , as they a llo w  to a g g reg a te  th eo r ie s  and exp erim en ts sep a ra te ly  w hich  
is  in many c a s e s  s im p ler  than a g g reg a tin g  of th e ir  c o n c lu s io n s . Indeed, for m o­
r e  "regular" th e o r ie s  and ex p er im en ts , p resen ted  in  the n ext s e c t io n s , sim pler  
r u le s  o f a g g reg a tio n  may he g iv en , w h ile  a g gregation  of c o n c lu s io n s  r e q u ir e s ,  
in  g en era l, the d ir e c t  u se  of ( 1 ) or ( 2 ) .
3 . C ontineous th e o r ie s  and exp erim en ts
So fa r , no r e s t r ic t io n s  has b een  im posed on th e o r ie s  and ex p er im en ts . H a­
ving a S ( X )C lP ( X )  it  is  im p o ss ib le  to te ll  w heather it  is  a th eo ry  or an e x p e ­
rim ent (o r  a c o n c lu s io n ) . The d if fe r e n c e s  betw een  th e se  n o tion s l ie  in the s o ­
u rce  o f know ledge and have y e t  no im pact on th eir  form al p r o p e r t ie s .  The n o ­
tion s o f con tin eou s th eory  and co n tin eo u s experim en t w ill  be d efin ed  after  som e  
a u x ilia ry  d e fin itio n s  and lem m as.
D efin ition  3 . 1 .
The s e t  of a ll b ou n d aries is  a nonem pty su b se t of fa m ilie s  B C Í ( í *  ( X ) )
О
such  that
( VBç  B ) ( V b 1, Ъ26 В ) (  ъ2)
i . e .  no two e lem en ts  of a boundary a re  in the r e la t io n  of in c lu s io n . The sym ­
bol denoting the s e t  o f ob jects i s  om itted if  it  lea d s  to no co n fu sio n .
Lemma 3 .1 .
T h ere  e x is ts  a fu nction  f: S - - *  B o  [  0 ] such  that
f(s)c S
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and
( V S € S ) ( V s e S ) ( 3 b é f ( S j ) (  s e b )
( i f  S = 0 then f ( S ) = 0 )
i . e .  e v er y  elem ent o f S i s  c o v er e d  by an e lem en t of f ( S ) .
T he v a lu e  f ( s )  i s  r e fe r r e d  to a s  the upper boundary o f S .
Lemma 3 . 2 .
T hepe e x is t s  a function  g: S - - » ® u | 1 0 ]  su ch  that
g ( S ) C S
and
( V S s S ) ( V s i S ) ( 3 b f i g ( s ) ) (  b e s  )
( i f  S = 0 then g ( s )  = 0 )
i . e .  e v e r y  elem ent o f S c o v e r s  an elem ent o f g ( s ) .
The v a lu e  g ( S )  is  r e fe r r e d  to a s  the low er boundary of S .
L et s t  S ( x ) ;  then S u b (s  ) ^ Q t: t e s  ] and S u p (s  )  ^ C t: s ç t ç X  ]
D efin ition  3 . 2 .
A nonem pty th eory S ( x )  i s  con tin eou s iff  
( V s é S X V t e  S u b (s ') ) ( t c  S)
In tu itiv e ly , if  a con tin eou s th eo ry  adm its sim ultaneous o c cu re n c e  of o b jec ts
X. , X . , .  .  . ,  X . then any su b se t (in clu d in g  em pty) of th e se  o b jects  may a ls o  
it Í2
o c c u r . C ontineous th e o r ie s  a re  su ff ic ie n t  to d ea l w ith  many p r a c tic a l a p p lic a ­
tion s .
D efin ition  3 . 3 .
A nonem pty experim ent S ( x )  i s  con tin eou s if f
(V_s€ S ) ( V t e  S u p (^ ) )(  t6 s )
In tu itiv e ly , i f  a con tin eou s exp erim en t adm its sim u ltan eou s o ccu ren ce  of o b ­
jec ts  X . , X . , . . . ,  X. then any b road er  su b se t o f X may a ls o  o c c u r . It i s  ra th e r
1-1 1-2 1-n
d ifficu lt to g iv e  an exam ple o f exp erim en ta l p ro ced u re  that cou ld  not be r e p r e -
14
senteci  by  a c o n t i n e o u s  e x p e r i m e n t .
Lemma 3 . 3 .
1 1 ____________________ ____
T h ere  e x is ts  in v e r s e  function f (g  ) if f  the th eory  S (exp er im en t S ) 
i s  co n tin eo u s. The in v e r se  fu n ction s a re  g iven  by
Г Х( в ) =  L  Sub (b ) 
bt B
and
g 1 (В ) = 2 1  Sup (b )
bfrB
C o r o l l a r y
U p p e r  ( l o w e r  ) b o u n d a ry  B = f (S  ) (В = g ( s ) )  i s  the  u n ique  r e p r e s e n t a t i v e  
of co n t in e o u s  t h e o r y  S ( e x p e r i m e n t  S ) .  The p r o o f  fo l lows  f ro m  lemmas  3 . 1 .  
( 3 . 2 . )  and 3 . 3 .  .
As the  th e o ry  S an d  e x p e r im e n t  S c a n  be r e p r e s e n t e d  by th e  c o r r e s p o n d i n g  
b o u n d a r i e s  В and  В the c o n c l u s i o n  C (s, S ) =  ( В, В ) i s  e q u a l  to
С В( В ,  B ) = L s : ( 3 b e B ) ( 3 b € B ) ( b C s C b ) ]
Theorem  3 . 1 .
The deductive ( in d u c tiv e )  a g g reg a tio n  of co n tin eo u s th e o r ie s  (e x p e r im e n ts )  
is  a contin eou s th e o r y  (e x p er im en t).
The theorem  fo llo w s  from the d e fin itio n s  of a g g reg a tio n  ( 2 . 2 .  or 2 . 3 .  ) and 
con tin eou s th e o r ie s  ( 3 . 2 . )  or ex p er im en ts  ( 3 . 3 . ) .  The r e s u lt s  of a g g reg a tio n  
may be sum m arized in  the fo llow in g  way:
DB( B, (X 1 ), B? (X ? ) )  = f ( _ 2 L  T~  L s n t ] )
s t B 1 ( x 1 ) te B2 ( X 2 )
‘( В. (X .  ) ,  B9 ( X 9 ) )  = g (  Z I  2L  [ s i y  и t, ] )
_1 1 “ 2 2 s f B 1 ( x 1 ) t«B2 ( x 2 ) |X2 'X 1
D
15
1В(в  (х ), B9 ( x 9 )) = f( 1  I  Ls\X0^  sfMutXX,] )
2 s í B / X j )  t t B 2 ( X 2 ) 2 1
1* ( в ( х  ), В (X ) ) - g (  Z  Z  Lsut] )
s t B j i X j )  t t B 2 ( X 2 )
4 .  T h eo r ies  and exp erim en ts of e x is te n tia l type ( E - t y p e )
In th is  sec tio n  i s  p rop o sed  y e t  another form  of r e p r e se n ta tio n  o f th e o r ie s  
and ex p er im en ts . It i s  show n that som e con tin eou s (and  only con tin eou s ) th e ­
o r ie s  and a ll co n tin eo u s (and only con tin eou s ) exp erim en ts can  be r e p r e s e n ­
ted in  that form .
D efin ition  4 . 1 .
A th eo ry  S (x  ) i s  o f e x is te n t ia l  type ( E - t y p e )  i f f
(3 Ê c f ( x ) ) ( s ( x )  = [  s : ( ( ( V ë t Ë ) ( c a r d ( ë A s H l ) ) A ¥ ç Z ) ]  )
w h ere Z = l_J_ ë .
e t  E
Remark 4 . 1 .
E v ery  su b set ë ç E  may be in terp re ted  as a sta tem en t: "there may e x is t  at 
m ost one object from su b se t ë  " . The fam ily E may be in terp re ted  as  a conju n- 
tion  o f such  sta tem en ts . The o b jec ts  from X that do not belong to Z cannot e x i s t .
Lemma 4 .1 .
_
It i s  su ffic ien t to c o n s id e r  on ly  such fam ilies  E for  w hich
(Ve^, e 2 «r E )( e ^ e ^ ( 3 )
(V e  e E ) ( l i c a r d ( ë ) 4  2 ) ( 4 )
Indeed , if  e . g .  e^c e^ then
( V s f c S X  c a r d ( e 2 ^ s )41 c a r d ( e ^ s  ) £ l )
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and ( З )  is  p roved , i . e .  adding to E w ould not change S . To p rove the v a ­
lid ity  o f (Л ) one sh ou ld  note that i f  th e r e  e x is t s  e 6 E such  that c a r d (e  )=m>2о о
then th ere  e x is ts  fam ily
E* = E\L  ë ]  + C ë \ [ x  ] ]  + 2 Î  LL x , X ] ]0 о 1 _  . 1 2х 0е e \  x n 2 о 1
("+" denotes u n ion  of fa m ilie s )  and
W1 = ( V e t  E )(c a r  d ( e o s  ) 4 l )  5 ( (V e e E \ L  ~ё ] ) ( c a r d ( e o s  ) ^ l )  ) ло
A ( c a r d (ë  a s )•$!)о
W2 = (V e £ E ) ( c a r d ( e ^ ? ) i l )  H ( ( V e f  E\L e ] ) (  card  C'en s ) i : l  ) ) ло
A ( c a r d ( ( ë  \  [ x  3 ) a s ) í 1 ) a ( ( V x 6 ( e  \  Lx ] ) ) ( c a r d ( L x  , x ] r v s ) 4 l ) )  о I 2 о I 1 2
For e v er y  x .t  e th e  la s t  two term s a re  eq u iva len t to ca rd (e^ r»~s)^  1 and,1 о _  О
fin a lly , W 1 5 W 2  for e v e r y  s $ S ,  i . e .  e v er y  su b se t of ca rd in a lity  m >2 may be 
r ep la ced  by a su b se t o f card in a lity  m-1 (and s e v e r a l  su b se ts  of ca rd in a lity  2 ) .
Rem ark 4 . 2 .
A ccord in g to lem m a 4 . 1 .  every  E -ty p e  th eory  can  be r e p r e se n te d  by a fam i­
ly  E of the form
w here
V  Z
x€ X,
LLx]] X ^ x
and
V Z Lх ^ Х 2 x ^  X2\  x^ LLx^ X ] ] X2 = x\x
If X  ^ = X then the E -ty p e  th eory i s  the le a s t  r e s t r ic t iv e ,  i . e .  it  a llo w s the
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e x is te n c e  of e v er y  com bination o f o b jec ts  from X . If X£=X and in  the fam ily E^
o ccu r  a ll  tw o -e lem en t su b se ts  of X then the E -ty p e  theory is  th e m ost r e s t r ic t i ­
v e , i . e .  it  a llo w s the e x is te n c e  of at m ost one ob ject from X .
T heorem  4 . 1.
E v ery  th eory  of E -ty p e  is  con tin eou s but not c o n v e r s e ly .
Indeed, i f  a th eory  S i s  of E -ty p e  and e . g .  S then s^e Z and (V e c E )  
( c a r d Ce oS ^  )* l ) ;  it  th ere fo re  fo llo w s that for e v e r y  s^c s^ c Z , (v 'et-E ) 
( c a r d ( e n s ^ ) é l )  and, co n seq u en tly , s^e S.
The c o n v e r se  theorem  is  o b v iou sly  not tr u e . T he ca rd in a lity  o f d ifferen t c o n ­
tin eou s th e o r ie s  i s  equal to the ca rd in a lity  of the s e t  of upper b o u n d a r ies, w hich  
i s  equal to the c a rd in a lity  of the s e t  of fa m ilies  E sa tis fy in g  co n d ition  ( З )  in  
lemma 4-.1. . But, a cco rd in g  to (4-) in lemma 4 . 1 .  , ev ery  th eo ry  of E -typ e w hich  
i s  r e p r e se n te d  by a fam ily E con ta in in g  su b se ts  o f ca rd in a lity  g r ea ter  than 2 
can  be r e p r e se n te d  eq u iva len tly  by a fam ily E contain ing su b se ts  of ca rd in a lity  
not g r ea ter  than 2 , o n ly .
F or exam ple, co n tin eo u s th eory  r e p r e se n te d  by the upper boundary  
B = CD, 2 ] ,  D , 3 ] ,  C2, 3 ] ]  for the s e t  of o b jec ts  X = Cl, 2 , 3] i s  not of E - 
ty p e . The only p o s s ib le  (w ithout sym m etric m o d ifica tio n s) E -ty p e  th e o r ie s  in  
th is  c a s e ,  a cco rd in g  to rem ark 4 . 2 .  , a re  l is te d  below  with co rresp o n d in g  up­
p er  b ou n d aries:
B -  CD, 2 , 3 ]]E = CCI], C 2], C331
Ë =  CCI], C2, 3 ] ]
E = CD, 2 ] ,  Cl, 3 ] ]
E =  CD, 2 ] ,  Cl, 3 ] ,  C2, 3 ]]  
CD, 2, 3 ] ]
B -  CD, 2 ] ,  Cl, 3 ]]  
B= CCI], C2, 3] ]  
B -  CCI], C2],  C3]]
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In tu itively , one m ay note that th e con tin eou s th eo ry  r e p r e se n te d  by 
B =  CCI, 2 ] , Cl, 3 ] ,  C2, 3 ] ]  i s  eq u iva len t to the statem ent: " th ere  may e x is t  
at m ost two o b jec ts  from  the s e t  Ql, 2, 3] " w h ich , a s it o c c u r s , cannot be r e p ­
r e s e n te d  eq u iv a len tly  by a conju nction  of sta tem en ts of the ty p e: " th ere may 
e x is t  at most one o b je c t  from . . . " .
D efinition 4-. 2 .
An experim ent S ( x )  i s  o f E -ty p e  if f
(3 EC£( x ) ) ( S(X ) = Cs: ( ( ( V e t E ) ( c a r d ( e n s ) ) l ) ) A ( s C X ) ) ]  )
Remark 4-. 3 .
E v ery  su b set e t E m a y  be in terp re ted  as a sta tem ent: "there e x is t s  at le a s t  
one object from th e  su b se t  £ M. T he fam ily E m ay be in terp re ted  a s  a conju nction  
o f su ch  s ta tem en ts .
Lemma 4 . 2 .
It i s  su ffic ien t to  c o n s id e r  on ly  su ch  fa m ilie s  E for w hich
( 5 )
Indeed, if  e . g .  ецСе^ then
(Vs^ S ) ( c a r d ( e ^ j 3  );}rl ^  cardCe^Os^)>l)
and ( 5 )  is  p r o v e d , i . e .  adding _e to E w ould not change S .
Theorem  4 . 2 .
E v er y  experim ent o f E -ty p e  is  co n tin eou s and c o n v e r s e ly .
Indeed, if  ex p er im en t S ( x )  i s  of E -ty p e  and e . g .  s^e S then s^çX  and 
(V e < r E )(c a r d (e ^ s^ )}d );  it  th er e fo re  fo llo w s that for ev ery  —2 ^
( V e * E ) (  c a r d ( e n s ^ 1 ) and, co n seq u en tly , ^f.S(x).
T he co n v erse  th eorem  is  a lso  tr u e . C o n sid er  a function:
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h: В f  ( X )
h (B )  = ß ( L p :  ( ( V b € B ) ( c a r d ( p n b ) > l ) M ( p b X ) ]  ) ( 6 )
Il can  be ^0011 thaï the  func t ion  h is  d e t e r m in e d  1er e v e r y  R f  I ,  M o r e o v e r ,
(V Pj, p21 h( В) H p  ф р 2 ) what c o in c id e s  with condit ion (5  ) in lemma L . 2. . 1- mal -
ly,  i f  R r e p r e s e n t s  S i . e . S(  X ) О  S u p ( b )  and
be В
SI (x ) ( ( V p e h ( B . ) ) ( c a r d ( p A ^ ) > l  ) \ ( s ^ Ç .X ) ]
then fo r  B = L b ]  and ^=0, h( B)=0 and S_1(X ) = )P (X ) = S u p ( b )  =. S (X  )
O t h e r w i s e  ( f ro m  ( 6 ) )
S 1 ( X )  = L £, : ( 3 b é B ) í s  feS u p (b J ]  = U  S u p ( b )  = S ( x )
b*B
F r o m  the p r o o f  it fo llows th a t  h ( B  ) i s  equa l  tc the  family E r e p r e s e n t i n g  the  
e x p e r i m e n t  d e s c r i b e d  by В . To com pute  h ( B )  the  fo l lowing  i t e r a t i v e  p r o c e d u r e  
can  be u s e d  :
1. If c a r d ( B  ) - 1 ( i . e .  В = Cb] )then
h(  В ) = X  LLx]] 
x t  b
2 .  If  c a r d ( B j > l  then
h ( B )  = g(  Z ZL C puq] )
p e h ( B \ C b ] )  q e h ( C b ] )
It  i s  w o r t h  no t ing  tha t  h = h i . e .  В = h ( h ( В ) ) ( ВФС0] ) .
T h e o r e m  Л. 3.
T h e  d e d u c t i v e  ( i n d u c t i v e )  a g g r e g a t i o n  of E - t y p e  t h e o r i e s  ( e x p e r i m e n t s )  i s  
an  E - t y p e  th e o r y  ( e x p e r i m e n t ) .
T h e  th e o re m  fo l lows  from the  d e f in i t io n s  of a g g r e g a t i o n  ( 2 . 2  o r  2 . 3 .  ) and E- 
type  t h e o r i e s  ( e x p e r i m e n t s ) .  T h e  r e s u l t s  of a g g r e g a t i o n  may be  s u n n a r i z e d  in 
the  fo l lowing  w ay :
2 0
D (E 1(X 1), E2 ( X 2 ) )  = f ( ( E l( X 1 ) | z  + ^ ( ^ 2 ) | z  ) \C 0 ]  )
U  Xw h ere  Z = _  _
e í E i
-  U  ê  ;
ë fc E
1
the fam ily  con ta in in g  empty su b se t
is  su b tracted  as the r e s u lt  cannot con ta in  such e lem en t ( s e e  def .  4-.1. ) and such  
fa m ilie s  may appear during p r o je c tio n s  of and
D ( ^ ( Х ^ ,  E2 ( x 2 ) )  = g ( ( E i ( Xi ) | x   ^ E2 ( x 2 ) | x ) \C0] . )
1 (Ё 1( х 1), = К Ё ^ )  * Ё2 ( х 2 ) )
I (Н1( х 1), ^ ( х 2 ) )  = g(E1^ x 1) +
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Ö S S Z E F O G L A L Á S
AGGREGÁTUMOK ADATBÁZISOKBAN
A d o l g o z a t  a " v a l ó s  v i l á g "  e g y ,  az  a d a t b á z i s o k  t e r v e z é s e  
s o r á n  h a s z n á l h a t ó  m o d e l l j é r e  t e s z  j a v a s l a t o t .  A k ö z ö l t  mo­
d e l l  a k ö v e t k e z ő  t u l a j d o n s á g o k k a l  b i r :
a /  minden k o n k r é t  a d a t  m o d e l l t ő l  f ü g g e t l e n
b /  v é g e s  számú o b j e k t u m o t  t a r t a l m a z
с /  a " v a l ó s  v i l á g " - n a k  e g y  á l l a p o t a  v a n .  Ez az  á l l a p o t  
a v a l ó s  v i l á g  l e í r á s a k é n t  é r t e l m e z h e t ő .
d /  a m o d e l l  a l k a l m a s  nem t e l j e s  i n f o r m á c i ó  á b r á z o l á s á r a .
•
Az i s m e r e t e k  r e p r e z e n t á l á s a  k é t  r é s z r e  o s z t h a t ó  / " e l m é l e t "  
é s  " g y a k o r l a t " / .  Ezek a fo g a lm a k  n a g y j á b ó l  az "a p r i o r i "  é s  
" p o s t p r i o r i " tu d á s n a k  f e l e l n e k  meg.
1 O O lu Ы О
i-) lí ^  6 Д С T d íj j1H0 ТС Я АдО-ДСл Ь  р  G cl л  d u  ü -  aujcipüi Д лЯ  ПОДЪсС***
üäiiiftfl в строению űau данных, потрая обладает следующими 
с т р о й с т а м и  :
а/ модель joалюлого r-wj а независима от какой-то определе­
нной модели данных
о/ ■' реальный мир соиг о»,т *,. ..ониЧиОго числа объектов 
a j  ь реальный млр 1! нахо^дгся в точно од,;ом состаянии 
которое iniïGpiipaïjется пан описание м реального мира "
Г/ пСиОлна., *.и-хормацин имеет отиора/дсНие а Мигели
представление знания разделяется на так называемые ■' теорию ' 
и 1 эксперимент ,!, „Охорыс юоооще говоря соответствуют 
априор„чноыу п и " апостериори чпом.) !| знаниям.
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LOGICAL AND STRUCTURAL INVESTIGATIONS OF THE RELATIONAL
DATA MODEL
J .  DEMETROVICS
The c o n c e p ts  data  base and data  b ase  management system  have a c e n tr a l  
r o le  in  the  computer a ided  in fo r m a tio n  s e r v i c e  and r e t r i e v a l .  Large masses  
o f  d a ta  r e p r e s e n t in g  com p lica ted  r e l a t i o n s h i p s  are im p o s s ib le  to  v iew  on th e  
machine l e v e l .  The u ser  may have but a g e n e r a l i z e d  v iew  o f  th e  wars o f  data  
s to r e d  by the  computer and o f  i t s  s t r u c t u r e .  The d a tab ase  management system  
i s  th e  so ftw a re  t o o l  th a t  e s t a b l i s h e s  the  l in k  between the machine and the  
u s e r ' s  "genera l"  l e v e l  and thus perm its  to  g e n e r a te  and conduct the  s to r a g e ,  
upd ating  and r e t r i e v a l  o f  da ta  on a l o g i c a l l y  h ig h er  l e v e l .
There are  s e v e r a l  ways to  c l a s s i f y  database  management sy s te m s ,  the  
most g e n e r a l ly  a ccep ted  going  by the  way data  and l in k s  between them are  
r e p r e se n te d  f o r  th e  u s e r .  From th e  s e v e r a l  data  m odels proposed up to  now 
th r ee  have had a r e l a t i v e l y  g e n e r a l  a ccep tan ce  and p r a c t i c a l  u se :  the h i e r ­
a r c h i c a l ,  the  n e t  and the r e l a t i o n a l  m odels .  With r e s p e c t  to  i t s  p o s s i b l i -  
t i e s  in  fu tu r e  use  the r e l a t i o n a l  one ( in tro d u ced  by E.F.Codd) lo o k s  l ik e  
one o f  the  most prom ising  data  management t o o l s .
In the r e l a t i o n a l  approach d a ta  l in k s  are r e p r e s e n te d  in  the n - tu p le s  
of  d a ta .  The r e l a t i o n a l  m odel's  advantage i s  not making prefound use o f  the 
machine r e p r e s e n t a t io n  ways, but r e p r e s e n t in g  data  in  a u ser  c o n c e iv a b le  
form. I t  i s  a means apt to  d e s c r ib e  the  l o g i c a l  s t r u c t u r e  o f  d a ta  bases  
as w e l l .  Data in  i t  are s to r e d  in  m atr ix  form. A m atr ix  s tan d s  f o r  a u n it  
o f  a Codd's t h ir d  normal form r e l a t i o n a l  data  b a s e ,  w ith  i t s  rows b e in g  the 
data  record s  and i t s  columns the data  a t t r i b u t e s .  So t h i s  u n i t  o f  the r e l a ­
t io n a l  data  base can be s to r e d  as a f l a t  f i l e .
The e x a c t  d e f i n i t i o n  i s  the f o l lo w in g :
Let Й be a nonvoid f i n i t e  s e t  (i2={aj ,а ^ , .  . . ,a^ })  . A f i n i t e  s e t  o f  unary 
f u n c t io n s  over t h i s  s e t  i s  c a l l e d  a r e l a t i o n .  These are  d e p ic te d  as two
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dim ensional a r r a y s :  i f  R i s  a r e l a t i o n  over  Q and R={h ,h ~ , . . . ,h  } where1 Z K.
every  has a r i t y  n ,  the t a b l e  o f  t h i s  r e l a t i o n  i s
a l a 2 • • • an
h l W h j ( a 2) • • • h i ( V
h2 W h2 (a2) • • • W
• • • • • 
• • •
• • • 
• * *
• ce
• • •
• • • 
oca
w W e • • 4 (a„>
Í2 in  t h i s  t a b l e  i s  the s e t  o f  a t t r i b u t e s :  th e  e lem en ts  o f  R ( i . e .  the  
rows o f  the t a b le )  are  e s s e n t i a l l y  the r e co r d s  o f  d a ta .  These can have no 
r e p e t i t i o n s  in  th e  r e la t io n ,  a s  th e  l a t t e r  i s  d e f in e d  as a s e t .
The r e l a t i o n a l  data model has two main t h e o r e t i c a l  a s p e c t s .  One o f  
them i s  f in d in g  ways to  d i s c o v e r  and m a in ta in  l in k s  between data  which are  
adequate to  the  s tr u c t u r e  o f  th e  r e l a t i o n a l  data  m odel. The two p r in c ip a l  
methods to  d e s c r ib e  l in k s  o f  d a ta  in  an a b s t r a c t  way th a t  th e se  i n v e s t i g a ­
t io n s  have y i e l d e d  use  the c o n c e p t  o f  f u n c t i o n a l  dependences and th a t  o f  i n ­
t e r s e c t i o n  dependences r e s p .  The o ther  t h e o r e t i c a l  a s p e c t  concerns the  i n ­
v e s t i g a t i o n  o f  query methods o b t a in a b le  to  data  b a se s  c o n s tr u c te d  a ccord in g  
to  the r e l a t i o n a l  data  m odel. I t  i s  w e l l  known, t h a t  (com m ercia lly  a v a i la b ­
l e )  r e l a t i o n a l  d a ta  bases  are  incomparably s low er  in  q u e r ie s  than h i e r a r c h i ­
c a l  or n et  d a ta  b a s e s ,  e s p e c i a l l y  i f  the  forms o f  fu tu r e  q u e r ie s  can be ob­
ta in e d  p r e v io u s ly .  S t i l l ,  query forms cannot always be p r e a ss ig n e d  to  
data bases  which g iv e s  to  th e  r e l a t i o n a l  d a ta  base  good fu tu r e  chances i f  
an e f f e c t i v e  and to  the u se r  demands w e l l  com p atib le  query language i s  de­
f in e d  and the r e l a t i o n a l  d a ta  base  management system  i s  p ro p e r ly  o rg a n ised  
which are the two b a s ic  ta s k s  f o r  the immediate f u t u r e .
In the p r e s e n t  paper th e  fu n c t io n a l  dependency and th ree  analogous  
con cep ts  are t r e a t e d  then th e  problems o f  the  query o p e r a t io n s  [ l ] ,  [ 5 ] ,
[24] are c o n s id e r e d .
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For an e f f e c t i v e  d a ta  r e t r i e v a l  i n t e r c o n n e c t io n s  among d a ta  have to  be 
d e a l t  w ith  p r o p e r ly .  F u n ct io n a l  d ep en d en c ie s  (as  in trod u ced  by E .F . Codd [ 9 ] )  
i s  an important t o o l  f o r  tak in g  in te r c o n n e c t io n s  among data  i n t o  c o n s id e r a ­
t io n  in  r e l a t i o n a l  d a ta  b a se s  [ 3 ] .
D e f i n i t i o n  I : Let Q be a s e t  o f  a t t r i b u t e s  and R a r e l a t i o n  over  i t .
A,A C  Œ f u n c t i o n a l l y  depends on B,B c  fi i f f
(Vh,gGR)( (VaGA) (h (a )  = g (a )  ) ( VbGB) (h (b )  = * g (b )) ) ,
This i s  denoted  by A g В and h e u r i s t i c a l l y  means th a t  d e ter m in in g  the
К
a t t r i b u t e  v a lu e s  on A l e a v e s  no c h o ic e  as to  the a t t r i b u t e  v a lu e s  on B.
Let R be a r e l a t i o n  over fi. We d en ote  by F th e  s e t  o f  i t s  f u n c t io n a lК
d e p e n d e n c ie s ,  i . e .
Fd = {( A ,B) : A c_ Я, В с. Й, A § B } . 
к  —  —  к
• • • • ,The s e t  F i s  c a l l e d  the f u l l  f a m i ly  o f  f u n c t i o n a l  d ep en d en c ie s  in  the
r e l a t i o n  R and much i n v e s t i g a t e d  b ecause  knowing o n ly  t h i s  o f  a r e l a t i o n
perm its  to  d e s ig n  i t s  s t r u c t u r in g  in  a r e l a t i o n a l  d a ta  base in  a c o n c is e
and ( in  memory r eq u irem en ts)  econom ical way. •
Other ty p es  o f  d a ta  d ep endencies  in  a r e l a t i o n  R are q u i t e  p o s s i b l e ,  
of  which we m ention  but th r ee  the d u a l ,  s tro n g  and weak d e p e n d e n c ie s ,  [10]
o f  which the f u l l  f a m i l i e s  w i l l  be denoted  by D , S and W
К К к
D é f i n i t i o n  2: Let R be a r e l a t i o n  over the  a t t r i b u t e  s e t  l e t  A and В be 
s u b s e t s  o f  Й.
В depends on A d u a l ly  in  R i f f
Ф
(V h ,gGR) ( ( 3aGA ) (h (a )  = g ( a ) )  =>(.3bGB) (h (b )  = g ( b ) ) ) ,
В depends on A s t r o n g ly  in  R i f f
(Vh,gGR) ((-JaGA) (h (a )  = g ( a j )  -*(VbGB) (h (b )  = g ( b ) ) ) .
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В depends on A weakly in  R i f f
( Vh, gGR ) ( (Va6A) (h (a )  = g ( a )  ) -*> ( 3bGB) (h (b )  = g ( b ) ) ) .
By the  l o g i c a l  s t r u c t u r e  o f  a r e l a t i o n  we s h a l l  mean th e  f u l l  f a m i l i -  
es  FR, Dr , Sr , Wr .
Knowing i t s  ^dual and weak d ep en d en c ie s  may g r e a t l y  in c r e a s e  th e  e f f i ­
c ie n c y  o f  d a ta  r e t r i e v a l  from a r e l a t i o n a l  d a ta  base when o n ly  p a r t i a l  i n ­
form ation i s  r e q u ir e d  or^when the u s e r  d o e s n ’ t  know a l l  th e  a t t r i b u t e  v a ­
lu e s  n e c e ssa r y  f o r  the r e t r i e v a l .
The know ledge o f  the s tr o n g  d ep en d en c ie s  i s  u s e f u l  in  the  decom posi­
t i o n  o f  b ig  r e l a t i o n s  in t o  s m a l le r  ones and thus h e lp s  in  th e  r e d u c t io n  o f  
the  space req u irem en ts  o f  the  s t o r a g e .  The way o f  d eco m p o sit io n  i s  analogous  
to  how in  the  c a s e  o f  f u n c t io n a l  d ep en d en c ie s  i t  i s  made [ 9 ] ,  [ 1 2 ] .
A b a s ic  problem in  the  th eory  o f  r e l a t i o n a l  data  b a s e s  i s  to  ch a r a c ­
t e r i z e  f u n c t i o n a l  dependencies  in  a s e l f  c o n ta in e d  way, i . e .  to  a x io m a t iz e  
them. A b a s ic  r e s u l t  of W.W. Armstrong [3] i s  to  g iv e  an a x io m a t iz a t io n  o f  
f u l l  f - f a m i l i e s .  This system  o f  axioms i s  how ever, a l i t t l e  u n p r a c t ic a l  in  
handling  im portant c o m b in a to r ic a l  problems o f  f u l l  f - f a m i l i e s  ( [ 5 ] ,  [ 6 ] ,  
[ 7 ] ) .
In [6] one can f in d  a m o d i f i c a t io n  o f  Arm strong's axioms which f a c i -  
l i a t e s  h a n d lin g  c e r t a in  ty p es  o f  c o m b in a to r ic a l  problems ( [ 5 ] ,  [ 1 9 ] ) .  One 
o f  the purposes o f  the p r e s e n t  paper i s  to  g i v e  an a x io m a t iz a t io n  o f  f u l l  
f - f a m i l i e s  b ased  on t h e ir  c o m b in a to r ia l  p r o p e r t i e s .  Next two t h e o r e t i c a l  
problems of f u l l  f a m i l i e s  are  d i s c u s s e d  [15] and l in e a r  r e l a t i o n s  d e s c r ib e d  
[ 1 4 ] .  A d e s c r i p t i o n  of a f a c t u a l  system  i s  g iv e n  by the  r e l a t i o n a l  d a ta  mo­
d e l .  A d u a l i t y  p r i n c ip l e  i s  s t a t e d  between the  f u n c t io n a l  and dual f u l l  f a ­
m i l i e s ,  the sy s te m s  o f  axioms (w ith  s im i la r  s t r u c t u r e s )  are  g iv e n  f o r  the  
f u l l  f - , d -  and s - f a m i l i e s  and f u l l  w - f a m i l i e s  w ith  no s u b s e t  o f  a t t r i b u t e s  
dependent on th e  v o id  s e t  (Theorem 1 ) .
27
For the sake o f  com p le ten ess  we g iv e  the axiom system s g iv e n  fo r  f u l l
f - , d- and s - f a m i l i e s  in papers [3 ]  and [ 10 ] : l e t  Z C Z X Z
A,B, c, D с  fl.
The Ф axioms are •
(FI) (A ,A )6Z ;
(F2) i f (A ,B )ez and (B,C)6Z then (A,C)GZ;
(F3) i f (A ,B )ez and C A, D с. В then (C,D)GZ;
(F4) i f (A,B)6Z and ( c ,D ) e z then (AUC, BuD)GZ.
The V axioms are •
(Dl) (A,A)eZ;
(D2) i f (A,B)6Z and (B,L)GZ then (A,C)£Z;
(D3) i f (A ,B )ez and ■ * A, В ... 0 then (C,D)fcZ;
(D4) i f (A ,B )ez and (C,D)CZ then (AUC, BuD)€Z;
(D5) i f (A ,0 )e ? then А^Й.
The Y axioms are •
(SI) (VaGSl) ( { a } , {a})£Z ;
Ы ) i f (A,B)GZ and (B.C)GZ and ВФ0 then (A, )E^
(S3) i f (A,B)6Z and C A, D с. В then  (C,D)GZ;
(S4) i f (A,B)e.z and (C,L))6Z then (АПС, BUD)tZ;
( S 5 ) i f (A ,B )ez and (C,D)GZ then (AUC, 3nD)6Z;
Next we g iv e  new system s o f  axioms o f  a new p a t te r n  fo r  the f u l l  3 - ,  
d - ,  and f - f a m i l i e s ,  then  t h e ir  analogous  fo r  weakly dependent f a m i l i e s  
c o n ta in in g  no su b se t  o f  the a t t r i b u t e s  dependent on the vo id  s e t  ( s e e  
Theorem 3 ) .  Let Z с  Г 1 • /  then Z s a t i s f i e s  the corresp on d in g  system s of  
axioms i f f  the f o l lo w in g  c o n d i t io n s  h o ld :
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The F axioms are  :
V(X,Y)G(P(Q) X P(Q)V'Z) ЭЕ C Q such th a t
( i )  X с  E and Y g  E;
( i i )  i f  ( A , B ) G Z  and A c  E then B c .  E h o ld s .
The D axioms a r e :
V(X,Y)G(P(Q) X P(Q)xZ) 3E cl Q such th a t
( i )  X П E /  0  and Y П E = 0 ;
( i i )  i f  ( A , B ) e Z  and А П E Ф 0 then  В П E 4 0 h o ld s .
The 5 axioms a r e :
V(X,Y)£(P(Q) X P(fi) Z )  3E C such th a t
( i )  X П E Ф 0 Y £  E;
( i i )  ( A , B ) € Z  А П E Ф 0  ,  В t_. E
The W axioms a r e :
v(X,Y ) <£_. (P(fi)  X P (n ) \Z )  3E £  !2 such th a t  
(  i  )  x  _  E and Y Л E =  0  ;
( i i )  ( A , B ) 6 Z  and A e. E then В П E /  0 h o ld s .
Theorem 1 : The ф, v and у  system s o f  axioms are e q u iv a le n t  w ith  the F, D and 
S system s, r e s p e c t i v e l y .
N est we s h a l l  d e f in e  e q u a l i t y  s e t s  o f  m a tr ic e s  and show them to  be c h a r a c ­
t e r iz e d  by th e  p rop er ty  th a t  the 3 e q u a l i t y  s e t s  determ ined by 3 rows are  a 
Л system . (Theorem 2 ) .  Then we g iv e  some reason  why the F,D,S and W axiom  
system s have such  s im i la r  form s.
D e f in i t io n  3: L et  g ,h  be two rows o f  a r e l a t i o n  R over Q. The e q u a l i t y  s e t  
o f  the rows g and h i s
E (h ,g )  = { a£Q : h (a )  = g ( a ) } .
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The e q u a l i t y  s e t  o f  the  r e l a t i o n  R ( i . e .  th e  m a tr ix  R) i s  d e f in e d  as
e ( h ,g )  = {a£ft : h (a )  = g ( a ) } .
D e f i n i t i o n  4: A c l a s s  o f  s e t s  i s  s a id  to  be a Л- s y s t e m  i f  for  any Aj^B, Cj^ D 
o f  i t s  s e t s  АЛВ=СГЮ.
Theorem 2: Let f , g , h  be rows o f  the r e l a t i o n  R. Then the c l a s s  o f  s e t s
{ E ( f , g ) , E ( g ,h ) ,  E( f , h  )} i s  a Д- sy s te m .
Let e = {E. . l < C i < j ^ k } a  c l a s s  o f  s u b s e t s  o f  Q f o r  which
{E. . ,  E. , E . } i s  a Д- s y s t e m  f o r  any l £ i < j < l j C k .  Then a r e l a t i o n
R over  Q can be c o n s tr u c t e d  w ith  e =e. Theorem 2 p e r m its  a new fo r m u la t io n
К
o f  the  F,D,S and W-axioms which are e q u iv a le n t  w ith  the o ld  ones ex c ep t  
fo r  the W c a se  (Theorem 3 ) .
Let Z c "i X 2^ and E be an a r b i tr a r y  c l a s s  o f  s e t s
{E. . : 1 _< i < j < к, E. . C Q).
1 5 J 5 J
The F* axiom i s :
f o r  Z th e re  are such к and E th a t
( i ) i f
th a t
(X,Y)6P(fi)xP(Q )* (i)v Z
X С E. . and Y ф 
-  i , J  +
then
Ei , i !
th e re  are such i , j ( l  < i  < j _< k)
( i i ) i f (A,B)6Z and A c E. then  В с . E. . w ith  1 < i  < j _< к ;1 5 J
( i i i ) i f for  any i , j ,£  1 
Д-sy s te m .
< i  c J < {Ei . j " Ei f i - Ej . i >  i s
The D* axiom i s :
fo r  Z th e re  are such к and E th a t
( i )  i f  (X,Y)€P(Q) X P(Q)\Z then  th e r e  are  such i , j  (1 < i  < j  < к ) ,
i f  X П E. . # 0 and Y П E. . = 0;
i . J  i , J
( i i )  i f  (A,B)6Z and А П E. . f  0 then  В П E. . ф 0 w ith  l<i<j_<k;
1 > J 1 5 J
( i i i )  i f  f o r  any i , j , £  (1 < i  < j < £ < k )  {E.  . , E.  , E.  } i s
1 j J 1 >-*- J »-*-
Д-s y s te m .
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The S' axiom i s :
fo r  Z there  are  such  к and E t h a t
( i )  i f  (X,Y)GP(ft) X P(i2)\Z then th e r e  are such i , j  ( l  £  i  < j £  k) 
t h a t  X П E. . Ф- 0 and Y d. E. . ;
( i i )  i f  (A,B)GZ and A П E. . Ф- 0 then  В £  E. . w ith  1 £  i  < j £  к
( i i i )  f o r  any i , j , £  ( l £ i < j < £ . £ k )  {E. . , E . ,E . } i s
1 > J 1 » -*- <3»-L
Д- s y s t e m .
The W axiom i s :
fo r  Z there  are  such  к and E t h a t
( i )  i f  (X jY)GP(Q) X P (fi) \Z  then th e r e  are such i , j  ( l  £  i  < j £  k)
t h a t  X c  E. . and Y П E. . = 0:
-  i , J  i j J
( i i )  i f  (A ,B)eZ and A c  E. . then В П E. . Ф 0 w ith  1 < i  < i < k:
-  i , J  -  -
( i i i )  f o r  any i , j , £  ( l  £  i  < j < £ £ k )  {E.  . ,E.  ,E } i s
1 >J !)-*■ J >-*-
Л-s y s t e m .
Theorem 3: The F ' , D ', S' axioms are e q u iv a le n t s  to  the  F, D and S axioms 
r e s p e c t i v e l y .  The W axioms are  d e f i n i t e l y  s tr o n g e r  then  th e  W axiom s.
The c a u s e  o f  the l a s t  s ta te m e n t  i s  t h a t  W-axioms are  m ea n in g le ss  fo r  
s e t  p a ir s  o f  th e  form (0,B)„
Theorem 4 s t a t e s ,  th a t  F ' j D ' jS ’ and W'-axioms c h a r a c t e r iz e  f - ,  d - ,  
s -  and w - f a m i l i e s .
Theorem 4: Let Z 6 2 x T  have one o f  the p r o p e r t ie s  F,D,S,W and l e t  Y' de­
note  the c o r re sp o n d in g  s e t  o f  axioms F ' , D ' , S '  or W . Then Z s t a t i s f i e s  the  
Y'-axioms i f f  a r e l a t i o n  R over  Q e x i s t s  f o r  which Y =Z h o l d s .  (Yn i s  the  
s e t  o f  the d ep e n d e n c ie s  o f  th e  k ind  in  p o in t  in  the r e l a t i o n . )
Next we m ention  two c o m b in a to r ia l  problem s.
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The f i r s t  i s  to  g iv e  the m inim al number o f  rows in  a r e l a t i o n  which  
r e p r e se n ts  any g iv e n  f u l l  f - fa m ily  (or  a n t ic h a in )  o f an n -e lem en t s e t  as 
i t s  s e t  o f f u n c t io n a l  d ep en d en cies (or  m inim al k e y s , r e s p e c t iv e ly )  ( [ 1 5 ] ,  
[ 1 8 ] ) .  These m inim al numbers o f rows are den oted  by s (n )  and S (n ) fo r  the  
two problem s ab ove . In  [15 ] the bounds
/ 2 ( [ n / 2 ] > < s ( n )  < 2(-  i n / 2 ]
were proved; a more r e c e n t  r e s u l t  o f  th e  au thor i s
Theorem 5 :
^ 2 ( tn/2]> ±  s U )  i  ( [n/2]> + ' a”d 
~2 * [ n / 2 ] * -  -h n / l ]П
The upper bound can be found as a byproduct o f  c h a r a c te r is in g  gen era­
to r  s e t s  o f  f u l l  f - f a m i l i e s  by t h e ir  maximal dependent a t t r ib u t e  s u b s e t s '  
in t e r s e c t io n  ir r e d u c ib le  s e t s .
Next we m etion  theorem s about l in e a r  r e l a t i o n s .  These are r e la t io n s  
w ith  r a t io n a l  a t t r ib u t e  v a lu e s ,  the rows o f  which are a l in e a r ly  c lo s e d  
su b se t  o f  the v e c to r  f i e l d
Of cou rse  a l in e a r  r e la t io n  i s  alw ays c h a r a c te r iz e d  by a f i n i t e  su b s e t  o f  
i t s  row s.
Let R c- Qlf i ‘ be a l in e a r  r e la t io n ;  th en
Theorem 6 : Every dependence (A ,B)£Fn in  R i s  l in e a r ,  i . e .  i s  g iv e n  by a
77 _ • n ^ 1-l in e a r  o p era tor  in  Q
Theorem 7; A ll  th e  m inim al keys in  R have the same c a r d in a l i ty  к where к 
can take an a r b itr a r y  v a lu e  betw een 1 and Ifil.
The problem  o f  a x io m a tiz in g  f u l l  f - f a m i l i e s  o f  l in e a r  r e la t io n s  i s  eq u iv a ­
le n t  w ith  the ( in t e r n a l)  c h a r a c te r iz a t io n  o f  c o o r d in a ta b le  m atro id s over
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Q and i s  th e r e fo r e  open .
A p r a c t ic a l  exam ple fo r  i l l u s t r a t i n g  th e  e f f i c i e n c y  o f  th e  r e la t io n a l  
d a ta  base s tr u c tu r e  i s  the two m ajor p a r ts  o f  th e  Maze and I n d u s t ia l  P la n ts  
Producing Branch o f  th e  Nádudvar Red S tar  Co-op d a ta  base w hich d e a ls  w ith  
s to c k  and demand r e g i s t e r in g  w ith  s p e c ia l  ta sk s  fo r  most o f  th e  s u b p la n ts .
The i n v e s t ig a t io n  o f but th e  fu n c t io n a l  d ep en d en cies proved s u f f i c i e n t  
to  reduce s to r a g e  a rea  requ irem en ts o f  th e  sy stem  by about 40%. (Dual and 
weak d ependencies were not found in  t h is  s y s te m .)
This ta sk  p u t fo r th  th e  problem  o f  e f f i c i e n t  q u e r ie s  in  the system  
which were in te r p r e te d  as s p e c ia l  t a b le s  ( s e e  [ 2 ] ,  [ 2 4 ] ) .  In [ l ]  an e f f i ­
c ie n t  s im p l i f i c a t io n  a lg o r ith m  fo r  a la r g e  c l a s s  o f  q u e r ie s  i s  g iv en  which  
improves the r e sp o n se  tim e o f  th e  system  w hich can in  some c a s e s  q u ite  lo n g  
due to  the d i f f i c u l t i e s  th a t l i e  in  the e x e c u t io n  o f  the r e la t io n  j o in  ope­
r a t io n .
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Ö s s z e f o g l a l ó
A relációs adatmodel logikai és strukturális vizsgálata 
Demetrovics János
Ebben a cikkben a relációs adatmodellben definiálható fügésekkel foglalkozunk, pon­
tosabban a t'unkcinális függéssel és három analogonjával: a duális, erős és gyenge függésekkel. »
Adott típusú függés vizsgálatakor az első feladatot az ún. teljes családok axiomatizálásá 
-  a cikk első részében ezt végezzük. Kétféle axiómasémát adunk; az első csak a funkcionális, 
duális és erős függések teljes családjainak axiomatizálására alkalmas, mig a második séma 
a gyenge függésekére is.
Vizsgálunk még két, funkcionális függőségek teljes családjainak generálására, illetve 
kulcsrendszerekre vonatkozó probémát.
Végül megemlítjük azokat a lineáris relációkra vonatkozó tételeket, melyekből kiderül, 
hogy milyen következményei vannak a linearitásnak a reláció funkcionális függéseire.
Р Е З Ю М Е
Л оги ч еск ое  и ст р у к т у р а л ь н о е  и сс л е д о в а н и е  в реальной  б а з е
данных
Я. Деметрович
В настоящей р а б о т е  мы и зучаем  обобщения функциональных з а ­
в и си м о ст ей . Кроме э т о г о  занимаемся линейными функциональными 
зависимостями и и зуч аем  некоторые комбинаторные вопросы , с в я ­
занные с  реляционными базам и данных.
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MODELLING THE SOCIO-ECONOMIC DEVELOPMENT 
OF A NEW AGRICULTURAL REGION
P erfecto  D ipotet
I n s t i t u te  o f Mathematic, Cybernetic  
and Computing Sciences  
Habana, Cuba
In t h is  paper are p resen ted :
The main problems appearing in  the o rg a n iza tio n , p lanning  
and management o f  Research Programs in  the p a r t ic u la r  con 
d it io n s  o f  a develop ing country, Cuba.
Some m athem atical models ap p lied  toH h e so c io -eco n o m ica l-  
development o f  a new a g r ic u ltu r a l reg io n .
Algorithm s and programs to  c o l le c t  and to  p rocess inform a 
t io n  coming from ex p er ts . These a lgorithm s are ap p lied  -  
to  the m ic r o lo c a liz a t io n  o f  socio -econ om ica l o b je c ts .
INTRODUCTION
The develop ing co u n tr ie s  fa ce  g rea t problems in  the e f f i c i e n t  e x p l o i t â t !  
o f th e ir  resou rces. In order to s o lv e  the to p -p r io r ity  problems r e la te d -  
to s o c ia l  and economic development, i  i s  necesary to  concentrate to the-  
maxirnum the e f f o r t s  o f  a l l  the o r g a n iza tio n s , m ainly those o f  research  — 
in s t i t u t io n s .  The so lv in g  o f  each one o f  these problems req u ires the 
im plem entation o f  complex, long-range research programs, w ith  w e l l - d e f i— 
ned aims and the p a r t ic ip a tio n  o f  se v er a l research  and production organi­
z a t io n s . Programs concerning the development o f  new economic reg io n s and 
mainly those r e la te d  to a g r o in d u str ia l regions are extrem ely n ecessa ry , -  
but on ly  seldom carried  out in  d evelop ing c o u n tr ie s .
The main o b je c tiv e  o f  the research  program i s  to  develop the p o lic y  fo r  -  
the long range socio -econ om ica l development o f a reg io n , and mainly to : 
e s ta b l is h  the co rrect rythm and proportions fo r  the development o f  the 
reg ion ;
-  reach the s t a b i l i t y  in  the development and management o f n a tu r a l, hu— 
man and m ateria l resou rces;
develop the s o c ia l  in fr a e s tr u c tu r e  allow ing to  s t a b i l iz e  the q u an tity -  
s tr u c tu r e , se ttlem en t and reproduction  of lab or fo r c e s ,
to maximize the net in te g r a l  e f f e c t  (p r o f it )  o f  the econom ical a c t i v i ­
t i e s  in  the region;
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A r e tr o sp e c tiv e  a n a ly s is  o f  the economic development o f  the reg io n  was per­
formed, in  order to  have a c le a r  p ic tu r e  o f i t s  current s it u a t io n  and tr e n d s
The main r e s u lt s  o f  the a n a ly s is  were:
-  the need o f  in c r e a s in g  the e f f ic ie n c y  o f  the org a n iza tio n  and-
planning o f  th e  program, due to  i t s  com plexity and to  the la ck  o f  expe— 
r ien ce  in  our country;
the need o f  u s in g  formal methods to process the q u a lita t iv e  in form ation-  
reported by th e  exp erts, due to  the lack  o f  r e l ia b le  s t a t i s t i c a l  data;
-  the need o f  develop ing some m athem atical models fo r  planning long range- 
a g r ic u ltu r a l production;
-  to charactemtLze the s o c ia l  fa c t o r s  a f fe c t in g  the economic development o f -  
the region .
Some o f the exp er ien ces  ach ieved  in  the org a n iza tio n  and p lanning o f  a Re—
search  Program are  o ffered , a s w e l l  a s , some implemented m athem atical mo----
d e ls ,  and the approach used to  m ic r o lo c a liz e  the socio-econom ic o b jec ts  in -  
a new a g r o in d u str ia l region .
0
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MAIN FACTORS OF THE PROGRAM
When we a n a liz e  the Reseaeh Program (DIPOTET-79), we observe th ere  are , in  — 
our country , ex tern a l fa c to r s ,  th a t  we must take a s  compulsory, and in te r n a l-  
fa c t o r s ,  p a r tic u la r  fo r  the R egion, determ ining, to  some e x te n t , i t s  develop­
ment.
The e x te r n a l fa c to r  "policy  fo r  long  range socio -econ om ica l development o f — 
the country" determine :
-  g lo b a l requirem ents in  p roducts, raw m ateria ls  and s e r v ic e s  from the Re----
g ion;
-  the ex tern a l resou rces to be a l lo c a te d  in  the Region;
-  in d ic a to r s  fo r  s o c ia l  and in s t i t u t io n a l  in fr a e s tr u c tu r e  to be developed in  
the Region.
In sh o r t, the economic development o f  the Region m ainly depends on th e  e f f i—  
c ie n t  management and e x p lo ita t io n  o f  the extern al resou rces in  th e  sense o f  -  
s a t is fy in g  the requirem ents. Thus, i t  i s  p o ss ib le  to  d is t in g u is h  the f o l i o — 
wing s tr o n g ly  r e la te d  general a s p e c ts :
To develop and s t a b i l i z e  the popu lation  o f the R egion. T herefore, i t  i s  -  
needed to  derive demographic m odels, to ch a ra c ter ize  the s o c ia l  fa c to r s  — 
a f fe c t in g  the economic development and to c o n tro l the m igration .
-  lb  c h a r a c te r iz e  the n atu ra l reso u rces  o f the R egion. T h erefo re , i t  i s --------
needed to  do a very complex work, the inventory and ev a lu a tio n  o f  th ese  — 
reso u rces .
-  To know and to eva lu ate  the m a te r ia l resou rces, the a v a ila b le  in fr a e s tr u c -  
ture and the tr a d it io n  and ex p er ien ces  o f the in h a b ita n ts  o f  the R e g io n .~  
T herefore, i t  i s  needed to perform a r e tr o sp e c tiv e  a n a ly s is  o f  the so c io — 
economic development o f  the R egion, in  order to  d er ivea  d ia g n o sis  o f  i t s  -  
p resen t s itu a t io n .
-  C onservation and, i f  p o s s ib le , am eliora tion  o f  th e  environm ent, m ainly ta ­
king care o f  the consequences o f  human economical a c t i v i t i e s  on natura l re_ 
so u rces , Therefore, i t  i s  needed to  estim ate lo c a l  and g lo b a l l im it s  in  -  
the e x p lo ita t io n  o f  th ese  r e so u rc e s .
-  The org a n iza tio n  and management o f  the former fo u r  fa c to r s  in  order t o ----
maximize the net e f f e c t  (g lo b a l p r o f i t )  o f  the soc io -econ om ica l a c t i v i t i e s  
o f  the Region.
Each one o f  the former p o in ts  may be considered , due to i t s  com pexity, as a -
<
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resea rch  subprogram where se v e r a l org a n iza tio n s must p a r t ic ip a te  in .
Being a developing reg ion , i t  was needed to apply a dynamic approach in  the -  
works o f  the Program (P ig . 1 ) . T h is approach a llow ed  us to  im prove, frequen­
t l y ,  the a v a ila b le  inform ation about the o b je c t , and to use the new informa-*- 
t io n  in  d ec is io n  making.
P ig , 1 P relim inary system to study the Region
With the improvement o f  the in form ation  base and, th e re fo r e , the new knowledge 
about the o b ject and i t s  environment i t  i s  p o s s ib le  to  develop an inform ation- 
system  fo r  p lann ing  long range economic development o f  the Region (DIPOTET-79) 
In other words, i t  i s  needed to  perform the p lanning o f long range investm ents  
p r o je c ts  fo r  the Region based on some kind o f  man-machine system  help in g  the -
P ig . 2 System f o r  planning long range economic development 
of the d evelop in g  Region
"man", r e sp o n sib le  fo r  d e c is io n  making, to eva lu a te  the consequences o f d i f f e ­
ren t plan a lte r n a t io n s  and to  c o n tr o l ,  i f  n ecessa ry , the d e v ia tio n s  o f a c tu a l-  
p la n s .
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Some m athem atical tasks to he so lv ed  w ith in  the Research Program are:
1 - To d er ive  formal methods fo r  the management o f  Research Programs in  our -  
p a r t ic u la r  co n d itio n s ,
2 - To develop models fo r  r a t io n a l  land  e x p lo ita t io n ,
3- To develop models fo r  p lanning long range a g r ic u ltu r a l production .
4 - To d er ive  models fo r  the m ic r o lo c a liz a t io n  o f  soc io -econ om ica l o b je c ts .
5 - To develop models and MIS fo r  the main e n ter p r ise s  o f  the Region,
Next we presen t some r e s u lt s  about the Programs management, and the f i r s t  ver  
s ió n  o f  the mathem atical models implemented in  the d evelop ing Region.
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ORGANIZATION AND PLANNING OP THE PROGRAM
Production and s e r v ic e  e n te r p r ise s  dea l w ith con crete  and w e ll-d e f in e d  task s
and suhtasks. S c i e n t i f i c  i n s t i t u t io n s  deal w ith resea rch  themes. Thus, ------
themes must he form ulated fo r  each in s t i t u t io n  from th e a c t i v i t i e s  and jobs -  
belongin g  to the ta sk s  o f  the program assign ed  to  them.
Next we w i l l  p resen t the procedures th a t must be c a r r ie d  out fo r  c o l le c t in g  -  
and processing  th e  data that w i l l  enable us to d er ive  the reseach i plan.
Let a se t  J « (1 ,  . . . , n ) o f  re sea rch  in s t i t u t io n s  belongin g to one organize
t io n  which must carry  out a re sea rch  program P in  a g iv en  tim e T.
The S c ie n t i f ic  C ouncil o f the O rgan ization  d iv id es  the Program P in to  sev era l 
s e t s  o f  important ta sk s  P1, Pg, P .
Then, P = ( P ^ , • • • » Pm) .
We use the form g iv en  in  P ig . 1 to  ob ta in  the l i s t i n g  o f  the in s t i t u t io n s  o f -  
the organ ization  v s  the tasks th a t they are going to  undertake, r e sp e c t iv e ly .  
Por each P ^ £ P ;  i  é l  I = (1 , . . . ,  m) the S c ie n t i f i c  Council e s ta b lish e s  the
deadline time t^ T.
This deadline tim e t^  depends on se v e r a l fa c to r s , but mainly on the w i l l  o f  -  
the user  and the dom estic requirem ent o f  the O rganization .
The performance o f  each task  i s  d iv id ed  in to  r  su b task s, fo r  example in  th e -  
fo llo w in g  1 2  su b task s:
1 ) d e sc r ip t io n  o f th e  ta sk s
2 ) fo rm a liz a tio n  o f  th e  ta sk
3 ) s e le c t io n  o f  methods and techniques to  so lv e  the task
4 ) c o l l e c t io n  and f i l t e r i n g  o f  data
5 ) development o f a lgorith m s
6 ) programming
7 ) im plem entation o f  programs
8 ) a n a ly s is  o f r e s u lt s
9 ) improvement o f  th e  d e sc r ip t io n  o f the task
1 0 ) m odellin g  improvement
1 1 ) im plem entation o f  th e  so lu tio n  o f the task
1 2 ) d r a ft in g  o f r e p o r ts , handbooks and u ser  in s tr u c t io n s .
The form shown in  P ig . 2 o f f e r s  the l i s t in g  o f a l l  in s t i t u t io n s  vs the ------
subtasks where th ey  w i l l  p a r t ic ip a te ,  r e sp e c iv e ly .
Tasks INSTITUTES ENTERPRISES
ACC Bot. Geog. IMACC Met. Ocea. Su el. Zool. P .P . MINAG CEATM CONST. Mat.Const.
Hid.
Econ. Educ. Transp.
1 + + + + +
2 + + + + + + + +
1 0 + + + + + + + + + + + + + + + +
P ig . 1 I n s t i t u t io n s  vs Tasks
10
P ig . 2 I n s t i t u t io n s  vs subtasks
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The Research C o u n c il builds up, u s in g  th ese  forms ( s e e  P ig. 2)
where а ^ £ 1  ( 0 , 1 ) ;  i  é l  I  = (1,  . . . .  m)
3 é l J = ( 1 , • • •»  n)
1 £  L = (1,  , r )
= 1 means th a t in s t i t u t e  j p a r t ic ip a te s  in  the carrying out o f  task  i  in -  
the subtask 1. The in s t i t u t io n  3 l i s t s  the jobs and a c t i v i t i e s  to  be p erfo r­
med w ithin the tim e in te r v a l t . ,  fo r  each case a 1?., = 1. The research  them es-
1  x l
are elaborated w ith  the former l i s t  and the u n if ic a t io n  and g e n e r a liz a t io n  o f  
oth er a c t i v i t i e s .  The resou rces needed are e s ta b lis h e d  as w e ll as the onset -  
and completion d a te s .
the matrix A'j ■äi
In those cases when 7 .a?  ^ = 0; 3 é l  J ; i  £ .1 ;  1 €1 L; in  other words, when none 
o f  the n i n s t i t u t io n s  p a r t ic ip a te  in  the s o lu t io n  o f  one subtask a ^ ,  i t  i s  -  
necessary to f in d  o th er  in s t i t u t io n s  that would open new themes concerning — 
subtask a
The form shown in  P ig . 3 in  used to  l i s t  the resea rch  themes o f  the Program -  
vs the subtask where they w i l l  take p art, r e s p e c t iv e ly .  These th ree  forms —
are the a d d it io n a l blanks that must be f i l l e d  out in  the org a n iza tio n  a n d ----
planning (ACC-80) o f  the Program.
Program P i s  th en  formed by a s e t  W = ( 1 ........... s )  o f  research them es.
Let а ^ ^ ( 0 , 1 )  denote each elem ent (subtask a^^ r e la te d  to theme w) in  F ig .3
w(E.W; i £ I ;  1 L each theme w, w W i s  then r e la te d  to a s e t  AW o f  sub------
ta sk s a™ . i l
к 0 kOThen, А Л A = A ; k, 0 é l W; i s  the se t  o f  subtasks where both themes k, 0 -
kOp a r tic ip a te  in  sim u ltan eou sly , card in a l N^q o f  s e t  A i s  consid ered  to in d i­
ca te  some r e la t io n s h ip  between themes к and 0; k , 0 W.
The graph shown in  P ig . 4 i s  the m atrix N = 
o f the in te r s e c t io n s  s e t s  (se e  P ig . 4) w i l l ,  
pect to the main d iagonal.
N.kO sxs formed by card in a ls-
o f  cou rse, be symmetric in  r e s —
In our case, we sep arate  from the graph a subgraph, the maximun lin k ed  t r e e . -  
Each node o f th e  tr e e  w i l l  be a theme. The va lu e  o f  the l in k s  w i l l  be g iv en -  
by th e ir  correspondent elem ents in  m atrix N, in d ic a t in g  some degree o f  r e la ­
tion sh ip  among th e  themes.
The procedure to  con stru ct the tr e e  i s  the fo llo w in g :
1) S e le c t io n  o f the maximum element N in  the main d iagonal o f m atrix
PP
N. Node (theme) p i s  the root o f  th e  tr e e  h ie r a r c h ic a l stru ctu re  -
Tasks
Themes 1 2 3 4 5 6 7 8 9 1 0
1 0 1 8 0 2 3 0  ( 1 , 1 ) 1 ,4 ,  8  
9 ,12
1 , 4 , 8  
9 , 1 2
1 , 4 , 8
9 , 1 2
1 , 4 , 8
9 , 1 2
1 , 4 , 8
9, 3
1 , 4 , 8
9 , 3
1 , 4 , 8
9 , 3
4,11
10280222 ( 1 , 2 ) 1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 12
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
4,11
10380143 ( 1 , 3 ) 1 , 4 , 5 ,
8 , 9 , 1 2
1 , 4 , 5 ,
8 , 9 , 1 2
1 , 4 , 5 ,
8 , 9 , 1 2
1 , 4 , 5 ,
8 , 9 , 1 2
4,11
10480535 ( 1 , 4 ) 1 , 2 , 3 ,
4 , 9 , 1 2
1 , 2 , 3 ,
4 , 9 , 12
1 , 2 , 3 ,
4 , 9 , 12
1 , 2 , 3
4 , 9 , 1 2
4,11
10580541 ( 1 , 5 ) 1,4 1 , 2 ,
4 , 7 ,
8 , 9 ,
1 0 , 1 2
1,4 4,11
10780521 ( 1 , 6 ) 1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
3 , 8 , 9 ,
1 2
4,11
1 0 7 8 1 5 2 1  ( 1 , 7 ) 1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 3 ,
4 , 8 , 9
4,11
1 0 9 8 0 2 2 2  ( 1 , 8 ) 1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
1 , 2 , 4 ,
8 , 9 , 1 2
4,11
P ig. 3 Them es vs subtasks
Themes
Themes 1 2 3 4 5 25 2 6 27 28 29 30
1 37
2 32 38
3 17 17 26
4 18 18 14 2 6 *
5
•
•
»
6 6
•
•
»
6 6 14
•
•
•
ф
•
*
•
25 17
*
•
17 2 6 14
•
•
#
•
6 2 6
2 6 7 1 0 8 14 2 8 35
27 30 32 2 2 2 2 11 2 2 35 1 0 0
28 2 2 2 2 2 2 5 6 11
29 2 2 2 2 2 2 2 2 3 1 2
30 2 2 2 2 2 2 2 2 5 3 6
I
J*
СП
I
P ig . 4
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o f  the tr e e .
2) I f  tre e  h a s  not fr e e  nodes then go to  3 e l s e ,  search  the nodes1 co rres­
ponding to the n ext l e v e l  t e s t in g  the fo llo w in g  co n d itio n s;
2.1)  In f Npi ä Nk i fo r  each k; k, i ,  p £  W; p ^ i  ^ к ^ p; then  node- 
i  i s  lin k ed  to  node p in  th e  former l e v e l  and i s  a l e a f  o f  the — 
t r e e .
2 .2)  I f  Npk  ^ Np i * N ^ fo r  each k; k, i ,  p £. W; i  ф p ф к ф i ; -  
then node p i s  lin k ed  to node i  in  the former le v e l .
2 .3)  I f   ^ < Nj^ fo r , a t l e a s t ,  one k; k, i ,  p £  W; --------
i  /  p /  к /  i ;  then node i  i s  not lin k ed  to  node p. I f  th ere  i s -  
another node in  former l e v e l ,  then DO p th a t node and go to  2 . 1 , -  
e ls e  ADD 1 to  the le v e l  counter and GO TO 2.
3) EXIT.
In P ig . 5 the maximun link ed  tr e e  i s  shown.
In our example, t h i s  subgraph a id s  the lea d ers  o f  the program in  d e c i­
sion-m aking concerning the management o f  the research .
For example :
a) i t  i s  obvious th a t theme 27 i s  r e a l ly  a "bottleneck", and i t  i s  — 
a b so lu te ly  n ecessary  to assure i t s  resource a llo c a t io n ;
b) the su b trees  derived  from nodes 2  and 3  r e s p e c t iv e ly  may be c o n s i­
dered as subprograms to improve program management;
c) themes 4 , 1 2 , 5 , 17, 26 are p r a c t ic a l ly  i s o la t e d  and i t  may be ----
p o ss ib le  th a t t h e ir  works may b eg in  in  advance or be delayed  --------
(w ith in  tim e in te r v a l  t^ ) , accord ing to resou rce a l lo c a t io n  pro----
blems.
What we have presen ted  above are only exam ples. There are many a p p lic a t io n s -  
o f  the tre e  and i t  i s  a lso  p o ss ib le  (D ip o te t , 1980) to  derive other u s e fu l  — 
subgraphs from the graph shown in  P ig . 5.
RESOURCE ALLOCATION PROBLEMS
With the inform ation  r e c e iv e d  from the themes o f  the Program fo r  each ta sk  —
P^, Pi  £  P; i  £  I; we e s ta b l is h  i t s  working sta g es  (Pi ( l ) ,  . . . ,  P ^ ( t ^ ) ) , ------
where P^( t ) ,  i £  I;  t ^ t^ ; i s  the working stage  in  tim e t .
Por each P^(t) we determ ine i t s  resource v e c to r
1 See the d e ta ile d  a lgorithm  in  (D ip o te t-8 0 )
00 
CD
MAXIMUM LINKED TREE 
Fig. 5
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i \ ( t )  = ( r i;L( t ) ,  . . . .  r i k ( t ) ,  r i q ( t ) )
where к £  К = ( 1 , . . . ,  q) i s  the resou rce  number.
Then L L  r i k ( t )  = Rk( t ) ,  resource requirem ents к in  time t .
i £ I
The fu n ctio n  R ^ t)  may vary (se e  P ig . 6 ) .  In some c a se s , the resou rce  k, — 
к £  К, i s  d i f f i c u l t  to ob ta in , but g e n e r a lly  the "rate o f  change" o f  the re ­
source -maximum or minimum in crease  or decrease a t the time u n it -  i s  known.
P ig . 6
In th ese  c a se s , i t  i s  convenient to use fu n c tio n , (se e  P ig . 6 ) w ith  only one
maximum and max R, ( t )  = max R, ( t ) .
t  t  K
However, when we have some surplus in  a g iven  resou rce , к fo r  example, (see  -  
P ig . 6 ) ,  t h is  surp lus may be used in  o th er research  programs during the same­
time in te r v a l  T. When i t  i s  not p o s s ib le  to use them, i t  seems reason able to  
reduce them so th at max R^(t) could  be the minimun amount, and R ^(t) w i l l  be 
almost p a r a l le l  (P ig . ^7) to a x is  t_.
Rk ( t )
P ig . 7
We tr ie d  to so lv e  the former problem as fo llo w s:  
varying the content o f  
but m aintain ing value t
a) s ta g e s  P ^ (t) and, th ere fo re , v e c to r  r ^ ( t ) ,
b) varying the s e t  o f ta sk s P^, or p a r t ic ip a tin g  in  another s e t  o f  ------
ta sk s ;
c) varying t^ ê T, but keeping the stage  con ten ts;
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d) combining th e  former th ree  approaches.
Next we describe one algorithm  fo r  b u ild in g  up the fu n ctio n  R^(t ) .  Suppose -
we know th e  maximun ra te  o f  in crea sin g  (V, ) and decreasing (D. ) resource— К к
k. We find  R^ . = J ^ R ^ t)  and ; i f  ^   ^ and Dk, then ^ ( T )  = 1^;
i f  Dk> hk > Vk, th en  ^ ( 1 ) = Vk and h^ *k
T -  1
We then compare h^ w ith  2 Vk and Dk
 ^ •» vuI f  h^ i  24.
I f  “J > “n
then 1^(2) = 2Vk ; 
then Rk(T) = Dk.
Then, form -  Vk we su b stra c t , r e s p e c t iv e ly , 2Vk or (or both) and d iv id e  
by T -  2 or T -  3 to  obta in  h^ .
The Procedure c o n tin u e s , u n t i l  s te p  r where ^2^k ~ к ~ ^1Vk ’
l l ’ ^2^*^ = (1* 2 , . . . ,  z ) .  Thus in  the former ( r - 1 )  s tep s  the v a lu es  o f  fu c -  
t io n  Rk(t)  f o r  0 í  t  -  1 and T -  C2  + 2 Í  t  Í  T + 1 (3^(0)  = ^ ( T + l )  =°)
were obtained.
tn p
Рог other t  v a lu e s , 1^   ^ t   ^ T -  1^ + 1, we suppose R ^ t)  = h^.
Thus, Rk( t )  i s  d er iv ed  fo r  a l l  t ,  t £ ( 1 ,  . . . .  T).
T T
Prom the a lgorith m  i t  fo llw s  th a t T~’i Rk( t )  = } ' R ^ t ) .
t =1 t = 1
However, i t  may be p o ss ib le  not to s a t i s f y  the resou rce c o n s tr a in ts . I t  means
LL rik(t) t VtJ-
i t  i s  p o ssib le  to  determine which resource d is tr ib u t io n  s a t i s f i e s  the cons----
t r a in t s  for  a l l  ta sk s  and a l l  tim es t_ fo r  It ( t )  fu n ctio n .
*к<‘ >We determine c o e f f ic i e n t  ak( t )
V ‘ >
and d er ive  fo r  each ta sk  i ,  i £ I ,  —
1 1th e  resources v e c to r s  r ^ ( t ) ,  r ^ ( t )  = ( r ^ C t J . a ^ t ) ,  . . . ,  r i q ( t ) . a ^ ( t ) ) .  
Por i t ,  Ç  r i k ( t ) . a  ( t )  = a ( t )  C rik(t) = a ( t ) . R  ( t )  = R ( t ) .
i €  I i T i
In th is  case , we a s s ig n  r ? ( t )  to  each stage  P^Ct),  i £  I;  t £ ( 1 ,  . . . ,  T) ; ----
in ste a d  of r ^ i t ) ,  then the works must be updated w ith in  the s ta g e .
I t  may happen t h a t ,  for  some ta sk s , resou rces are not enough fo r  the whole — 
tim e in te r v a l T and for  oth er  ta sk  they are in  e x c ese s . Then, exp erts must -  
a n a liz e  and r e c t i f y  the resource d is tr ib u t io n  p lan . However i t  i s  p o s s ib le  -  
to  apply m athem atical programming methods fo r  estim atin g  the optim al, in  a —
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c e r ta in  sen se, resource d is tr ib u t io n  p lan.
Рог example, the fo llo w in g  quadratic programming problem i s  co sid ered . To -  
determ ine X(t)  va lu es s a t is fy in g
In t h is  work we have T v a r ia b le s  and q x m type e q u a lity  c o n s tr a in ts .
Suppose we obtain  the s o lu t io n  fo r  X9T0 = 1 fo r  a l l  t  = (1 , . . . ,  T) u sin g  i t  
as i n i t i a l  s o lu tio n , i t  i s  p o ss ib le  to continue u s in g , e . g . , the grad ien t — 
method.
This problem statem ent i s  not at a l l  s e n s e le s s . I t  means th at the resource  
a l lo c a t io n  o f  each s ta g e  o f  a l l  ta sk s w ith  the same p r o p o r tio n a lity  c o e f f i — 
c ie n t  must be changed, in  order to  ob ta in  a resou rce  d is tr ib u t io n  p lan , fo r -  
tim e in te r v a l T, as near as p o ss ib le  to be b est R^(t) (Pig* 7) and a ssu m in g  
fo r  every task  that the t o t a l  requirem ent in  T fo r  every resource i s  o b ta i­
ned.
min
T T
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PARCELS DISTRIBUTION IN REGIONAL PLANNING
For the s o lu tio n  o f  t h is  task  we used  d iffe r e n t  l in e a r  programming models. 
Let us present (DIPOTET-81) the s im p le st  one.
Let :
J = ( 1 , . . . ,  n) be the set  o f
К = ( 1 , . . . ,  k) be the set  o f
I = ( 1 . . . . .  m) be the set  o f
S. =
l the area o f  p a rce l i ,  i £  !
к
r i  - the production  per u n ity
<  -
c o sts  a s s o c ia te d  to the ;
II tra n sp o rta tio n  cost fo r
sumer j , J;
e . = c o sts  r e la te d  to the consum ption o f  the к product by the consumer j ,  JC J 
3
The ta sk  i s  how to  d is tr ib u te  the p a r c e ls  in  order to s a t i s f y  the demands w ith  -  
minimum c o s ts .
Let us denote by x . . the volumes o f  type к product tran sp orted  form parcel i ,  — 
i  3
i £  I ,  to consumer j ,  j £  J. Then, our task  i s  to so lv e  the fo llo w in g  lin e a r  pro­
gramming problem:
1c 1cto determ ine: min (c . . + d. + e . )  x. .
x. . i £ l  J £  J k £K  1 3  1  3 1 3
13
w ith  the c o n s tr a in ts :  
к
= s .
j £ j  k£ К „к
i £ l
r.l
к .кx. . = b .
1 3  d
x. . = 0
i3
Let us suppose the so lu tio n  fo r  t h i s  task  i s
к к
X.  . =  X .  .
13 ~ -^3
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T hen we o b t a in
The volumes o f к products in  p a rce l i ,  i  I ,  and
the areas o f  parcel i ,  i £  I ,  p lan ted  w ith  к, к К.
This sim ple model may be com plicated  (DIPOTET-81 ) w ith  o th er c o n s tr a in ts  re ­
la te d  to  resou rces, production  tech n ology , manpower and a lso  the dynamic o f  -  
the Region. Then, i t  may be p o s s ib le  to  use a b lock  type l in e a r  programming 
problem (GOLSHTEIN-6 6 ) .
In our case (the development o f  a new Region) i t  i s  needed to f in d  mechanisms 
to  in te n s i fy  the production  and to improve e f f ic ie n c y  e n te r p r ise s  u sin g  t h is -
re sourc e ( land) .
For t h is  reason we a d d e d  to  the former model the fo llo w in g  elem ents:
= ( 1 , 2 ,  . . . ,  T) a s e t  o f  time p er iod s; i s  the planning period;  
p^ = p r ice  (estim ated ) fo r  product к, к К at time period  t ,  t  . ;
f^ = c o s t  a sso c ia ted  to  p a rce l i ,  i £  I ,  at time t ,  in  order to  be considered  
s u ita b le  fo r  p la n tin g ;
1  ^ = c o s t  (ta x ) fo r  1 ha o f  p arcel i ,  i £  I ,  at tim e period  t  ;
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PLANNING PERENNIAL CROPS
Рог the s o lu tio n  o f  th is  ta sk , i t  i s  p o ss ib le  to  use d if fe r e n t  m o d e ls --------—
(DIPOTET-81) ,  We th in k , in  our p a r t ic u la r , c a se , the most s u ita b le  approach- 
i s  the sim u la tion  op tim ization  one ( BEAUS0LEIL-80) but i t  p re sen ts  some impie 
m entation problem s. For t h is  reason  we have developed and implemented, w ith -  
good r e s u lt s ,  a l in e a r  programming model (ALEXEIEV-DIPOTET-1978), s im ila r , in  
some sen se, to  C sá k i's id eas (CSAKI-76). Next we presen t th ese  id ea s  and a f ­
terwards our m odel.
Let
J = (1 , 
t  m ( 1  ,
Xj ( t )  =
k j ( t )  = 
k ? t } =
. . . ,  j )  be the s e t  o f  h ectareas in  a g iven  region;
. . . ,  T) be the s e t  o f  tim e p er io d s, T i s  the planning horizon; 
the number o f  h ectareas used  fo r  p eren n ia l crop j ,  j £ J ,  a t period  t ,  
t £ #  ;
the number o f  h ec ta r e a s , used fo r  new p la n tin g s  o f  p eren n ia ls  o f  type  
J. d £ J .  a t time t ,  t £  У ;
the number o f h ectareas o f  p eren n ia l o f  type j removed a t year t ,  ----
;
b ., = proportion  o f  lands o f  type k, k £ J , ( i . e .  w ith  tr e e s  o f  type k) progrès
sin g  to  type i ,  j £ J ,  in  one year.
The s ta te  eq u ation s are then d efin ed  as
X j ( t + 1 ) = £  b j k  ( t )  x k  ( t )  + k } ( t )  -  k ] ( t )
k= 1
or in  matrix form
x(t+1)  = B x ( t ) + k+( t )  -  k"( t )
where x ( t )  => ( x . ( t ) ,  . . . ,  x ( t ) )  i s  the s e t  s ta t e  v ec to rs
and k+( t )  -  (k+ ( t ) ,  . . . ,  k+( t ) ) ;  k~( t )  = (k7 , . . . »  к ( t ) )  are the co n tro l ve£  
to r s .
We i lu s t r a te  th e  s ta te  equation s рог the p eren n ia l crop w ith an example o f  c i ­
tru s  fr u it  prod u ction . Consider de fo llo w in g  production tim e p er iod s:
Age o f  t r e e s
Years
x / t ) 0  -  1
x 2 ( t ) 1 -  2
* 3 ( t ) 2 - 3
*4( t )
*5(t )
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3 - 4
4 .  . . producing * or mature tr e s s
The s ta t e  equation fo r  new p la n tin g s  i s  
x ^ t + 1 ) = k j ( t )
the tr e e s  in  the second year
x 2 ( t +1  ) = b g ^ C t )
and tr e e s  in  the f i t h  and succed ing y ea rs  (producing or mature tr e e s )
x3 ( t+ 1 ) = 'b5 5 x5 ( t )  + t 54x4 ( t )
With the g iven  Ъ ( j 5) (k  = 1............5)
In the m atrix form the s t a t e  equation s are w r itten :
x ( t + 1 ) = B x (t) + h k j ( t ) ;
where
0 0 0 0 0 - i ~
b 21
0 0 0 0 0
В = 0 b32 0 0 0 h в 0
0 0
Ъ43
0 0 0
0 0 0 Ъ54 Ь55
0
here we have 5 s ta te  v a r ia b le s  x ( t )  = ( x ^ t ) ,  . x^Ct ) ) ;  one co n tro l var ia b le  
k | ( t )  and t  = 1 year .
The system  o f  s ta t e  v a r ia b le s  can be s im p lif ie d  by su c c es iv e  s u b s t itu t io n . For 
example :
x3 (t+1)  = b5 5 x5 ( t )  + b k |( t -4 )  
w h.re b = b5 4  b4 3  b3 2  b21
Thus we have one s ta t e  v a r ia b le , one tim e delay and t  = 1 year .
I f  we choose time p eriod  equals 5 y e a r s , then we can even e lim in a te  time delay . 
The s t a t e  equation then reduces to :
Xj-Ct+I) = b^x^(t) + к ( t ) ,  where
* N ote: We con sid er  d iffe r e n t  production  o f  mature tr e e s  from 5 to  10 years
(age o f  tr e e s )
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£ ( t )  = the number o f  p la n tin g  during 5  year p eriod ;
Ъ = shows what proportion  o f  t r e e s ,  p lanted  during a 5 y e a rs  period , w i l l  
be producing.
Next we present the implemented model
L et,
% = (78, . . . ,  78 + T) be the s e t  o f  time p e r io d s , T i s  th e  planning h o r i­
zon;
j  = ( 7 9 , 80 , . . . »  85) be th e  s e t  o f  years when the p a rce ls  were c o n d it io ­
ned to be p lanted ;
I = (69,  70,  . . . ,  85) be the s e t  o f  years when tr e e s  p lan ted ;
К = (1 , . . . »  4)  be the s e t  o f  typ es o f p a r c e ls , according to  th e ir  degree 
o f erosion ;
Parameters :
Ckt = a d d it io n a l investm ents a t  year t ,  t €  X , r e la te d  to r e co n stru c tio n s  a t -
1 J
year j ,  j G J* fo r  1 ba. o f  parcel type к, к G К, p lan ted  at year i ,  — 
i  G I ,  and t  i  j > i
kt
aid
production a t year t ,  t  G 7 , fo r  1 ha. p lan ted  at year  i ,  i  G I ,  fo r  —  
parcel type к, к G К, recon stru cted  at j ,  j G J»
kt
с t
i
p rocessin g  co st  at year  t ,  t  G Ï  » fo r  1 ha. o f  p arcel o f  type к, к G К, 
planted a t i ,  i  £ I ,  and recon stru cted  a t j ,  j G J;
95
C
t-7 9
in te g r a ted  c o s t  r e la te d  to  p rocessin g  1 ha. o f  parcel o f  t £  
ре к, к С K, p lan ted  at i ,  i  G I» and recon stru cted  at j ,  -  
i  G J;
p rocessin g  co st  a t year  t ,  t £ % , r e la te d  to the u t i l i z a t io n  o f  1 ha. o f  
p a rce ls  p lan ted  at j , j G J;
p rice  fo r  1 Ton. purchased production a t year t ,  t  G *£ ;
area fo r  к type p a r c e ls  p lan ted  at i ,  i  G I ;
area o f  new p a rce ls  ready to be p lanted  a t year j ,  j G J;
sin k in g  funds a t year t ,  t G , fo r  the fa c to ry  p ro cess in g  the f r u i t s ;
s in k in gs funds ( fo r  u n ity  o f  cap acity ) fo r  the enlargem ent o f  the facto_ 
ry at year  T, T G T ;
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M = a c tu a l p rocessin g  cap acity  fo r  the fa c to ry  a t the beginning o f  the ----
planning p eriod ;
D ec isio n  v a r ia b le s  :
area fo r  к type p a r c e ls , p lanted  a t year i ,  i  £  I ,  and reco n stru cted  -  
at j , à £ J ;
area p lan ted  a t year j ,  j £  J;
volume o f  f r u i t s  produced at year t ,  t £ T ;
enlargement o f  the cap acity  o f  the p rocessin g  fa c to ry  a t T y ears;
p r o f it  ob ta in ed  by f r u i t  production and p rocessin g  a t year t ,  t£ T  ;
«
investm ents a t year t , t  £  ï  ; fo r  the enlargement o f  s o c ia l  in fr a e s tr u c  
ture;
C on stra in ts : 
85
1 . -
‘13
k i
s , i  £  I ;  к £ K;
c o n d i t i o n  con stra in in g  к type p a r c e ls  p lan ted  a t i ,  i £  I
2 . -  x.. = s , j £  J;
,  t  t  3 . -  p у
co n d itio n  co n stra in in g  new p a r c e ls  p lan ted  at j ,  j £ J;
Л -, , ч— r V - »  / kt t\ ч JL, f  t* t  _t7 . с Щ  (c +  c . ) x 4) -  ^  q z  - V  - Q
j^T9 i £  I k £  К J
4 . -
t  , t £  t  ;
balance co n d itio n s  to form p r o f it s  r e s u lt in g  from production , p rocessin g  
and purchase o f  the f r u i t s  at year t ,  t  ;
ZÜL ( L I  Z H aï î  + -  y t  = ° .  t» t  € 2Г ;
j=79 i £  I k= 1  J J J J
con d ition s to produce the volume o f  f r u i t s  a t year  t ;
5 . -  У
t
ZZat  ^  - t  é M ; t  ' ,  t  £ 7 ;
t'=79
co n d itio n s fo r  the fa c to r y  to  p rocess the volume o f  f r u i t s  produced;
I t  i s  demanded to  maximize the general p r o f it  fo r  the p lanni ng p er iod . I t  -
means :
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С
t=79
t  t  
P У £ c cк i c J ix? i + ° j V  • Q—►max
The model was s u c c e s fu lly  implemented and i s  a c tu a lly  used , m ainly, fo r  crop- 
p red ic tio n  and resou rce  a l lo c a t io n  problems w ith in  the c i t r u s  e n ter p r ise  " Is la
0
de la  Juventud".
»I
i Ьф. if
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PLANNING LON RANGE LIVESTOCK
Next we present the gen era l id ea s (CSAKI-76) o f  a DLP model fo r  a l iv e s to c k  
production system , and the implemented v ersion  fo r  our p a r t ic u la r  case  (M0- 
RIN-DIPOTET-81) .
Let
I = (1 , s) be the s e t  o f  d if fe r e n ts  type o f  an im als;
% = (1 , . . . .  T) be the s e t  o f time p er io d s, T i s  the planning horizon; 
x±( t )  = the number o f  anim als o f  type i ,  i £  I ,  a t year  (p eriod ) t ,  t £  4, ;
k | ( t )  = the  number o f  an im als  o f  typ e  i ,  i C l ,  purchased a t  p e r io d  t ,  t £ $ * ;
k^ (t) = the number o f  anim als o f  type i ,  i £ I ,  so ld  a t p eriod  t ,  t  £  £  ;
a ^  = th e  c o e f f ic ie n t  which shows what proportion o f  anim als o f  type j ,  —
j £  J , w i l l  progress to  type i ,  i £  I ,  in  the succed ing period .
Then we can w rite  the s ta t e  equations fo r  the l iv e s to c k  subsystem  as :
3
* i ( t + D  = ai;jX; j ^  + (1)
or in  m atrix form
x (t+ 1 ) = Ax(t )  + k+( t )  -  k” ( t )
Here x ( t )  = (x ( t ) ,  . . . »  x ( t ) )  i s  the v ec to r  o f  s ta t e  v a r ia b le s ;I s
к ( t )  =(k^( t ) * k * ( t ) ) and k“ ( t )  = k ~ ( t ) ,  • k ~ ( t ) ) are v e c to r s  o f  —
co n tro l v a r ia b le s .
In our p a r tic u la r  c a se , and fo r  the P ig-breed ing subsystem  example we have:
t  = 1 month (t im e  u n i t )
x - |( t+1 ) = a6 lx6 ( t )  
x2(t+ 1 ) = a l2 x. j (t )  -  k” ( t )  b2
+ ( 1 - a 24) x2( t )
x6(t+1) = a46x4(t) + a66x6(t) 
+ kg(t+1) - k”(t)
State variables:
X ( t )  =  ( X ^ ,  . . . ,  X g )
Control variables
T
V i ( t )
k " ( t )
k * ( t )
k4 ( t )
< ( * )
(0-1m)
J' 'v-
k^  ( t ) ( 1 - b2 ) x 1( t )
2
( 1-4m) x2 ( t )
3
( 1-4m)
*J<t)
4
(4-9m)m x4 ( t )
5
(4-9m)
x , ( t )
k^( t  )
^ ( t )
. ( t )
6
(  Qm — Ф)
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k~( t )  = u ; ( t ) ,  . . . .  k” ( t ) ) 
k+( t )  = ( k 2 ( t ) 1 , k ^ ( t ) ,  k * ( t ) )
• • •  t
Values fo r  а.Ъ and co n stra in ts  eq u a tio n s, depend on lo c a l  c o n d itio n s  and pro­
duction  technology (MORIN-81).
In our case, we obtained  the op tim al f lo c k  s tru c tu re  at tim e to  ( fo r  x^  known) 
u sin g  n a tu ra l, c a p a c ity , food , manpower and tec h n o lo g ic a l c o n str a in ts  and LP -  
program package.
With th is  s tr u c tu r e  as i n i t i a l  con d ition ^  we derived  the tim e (year) recurren- 
cy x ( t ) —*.x(t+1), x(t+1 ) = A x(t) + k+( t )  -  k“ ( t )  ( fo r  f ix e d  lo c a l  co n d itio n s -  
and technology, i t  means c o n s tr a in ts )  try in g  to  maximize the f lo c k  ----------------
For the time b e in g , the accuracy o f  the r e s u lt s  we obtained  w ith  th is  model i s  
en ou gh , n e v e r th e le s s  we are working on d if fe r e n t  type o f  m odels, fo r  t h is  sa ­
me liv e s to c k  system .
s
optim al str u c tu r e .
t£*
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PROBLEMS ON SOCIO-ECONOMICAL OBJECTS MICROLOCALIZATION
The elem ents o f t h is  problem are:
a se t  J = (1 , . . . ,  n) o f  raw m a ter ia ls  sources;
-  a  s e t  I  = (1 , . . . ,  m) o f p o in ts where i t  i s  p o s s ib le  to p lace the enterpri^ 
se s  fo r  p rocessin g  the raw m a ter ia ls ;
a known fu n ctio n  b :J —»R, whose va lu es b, rep resen t the volumes o f  raw ma-
J
t e r i a l s  coming from the sources j ,  j £ J ;
-  an unknown (a p r io r i)  fu n ction  X:I—»R whose value X^  i s  the ca p a c ity  o f  — 
p oin t i ,  i £  I ,  fo r  p rocessin g  raw m ateria l;
a fu n c tio n  x: I  X J —~R such that x . . i s  the q u an tity  o f  raw m a ter ia l from
1 J
source j ,  j £ J ,  to  be elab orated  in  point i ,  i £ I ;
a known fam ily  ( g . : R -R). _ o f  fu n c tio n s  such thatl  I
% < V  ■
0 i f  i  |1 i
b u ild in g  and maintenance cost fo r  the en terp r ise  i ,  i £ I ,  de— 
pending on capacity  X^.
a known fu n ctio n  T: I ----*R whose value T^  i s  the b u ild in g  co st  fo r  o b je c t­
i f  i  £  I  ;
-  a known fu n ctio n  K: I — »R fo r  the p rocessin g  c o s t  o f  raw m ater ia l u n ity  in  
the o b jec t i ,  i £  I*
-  a fu n c tio n  c: I  x J—►R tra n sp o rta tio n  co st o f  raw m ateria l from j ,  j £ j , -
to i ;  i f  d: I  x J — *■ R i s  the d ista n ce  m atrix fo r  p o in ts  i  and j ,  then, — 
g e n e r a lly , the tra n sp o rta tio n  p o in t i s  p rop ortion a l (p: R ---- ^R) to the —
d ista n ce  and c . .
i j p • V
a fu n c tio n  P : 2
P(w)
■ R defined  on the se t  o f  p a rts  w C l
C  o±
i  £  I
j e  J
dxi d + C
1  £  w
P(w) i s  in te r p r e te d  as the cost o f  co n str u c tio n , maintenance and tran sp ort  
fo r  o b je c ts  at ponnts i ,  i £ w .
-  the a c tu a l shape o f  g.^  i s  g ^ X ^  = (K  ^ Xi  + T^). Sign (Xi ) i t  i s  p o ss ib le  
to show (P igueroa-Jachaturov 78) th at P(w) may be c a lc u la ted  in  the f o l l o ­
wing way :
P(w) =
Ï
min (C. . + K. ) +
£ w i j E . * lX £  w
The problem now i s  to c a lc u la te  an oc C I  such th a t P(e< ) = min P(w) w ith  the
w£ I
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( a l l  raw m ater ia ls  are d is tr ib u ­
ted  to the e n te r p r ise s )
x^.. (th e  cap acity  o f  p o in t i  i s  — 
com pletely  used)
There are a lg o r itm s ( Jachaturov-78) fo r  the exact so lu tio n  o f  the former pr£ 
blem.
In  our p a r t ic u la r  c a se , we must o f fe r  recom endations fo r  b u ild in g  some s o c io -  
economical o b j e c t s  under the fo llo w in g  co n d itio n s  ( Jachaturov-Figueroa 78) :
fo llow in g  n a tu r a l c o n str a in ts  b . =
J £ xii£ «
p(w) = min ( l id . p + K±) + q P . T . ;
i G  w i  G w
Where p and q a re  some kind o f  fuzzy  param eters w ith  the fo llo w in g  meaning:
p is  the t r a n s p o r ta t io n  cost f o r  th e  p ro d u c tio n  u n ity  to  th e  u n i t y  o f  d is ta n  
ce ;
q i s  the n o rm a tiv e  c o e f f ic ie n t  f o r  e f f ic ie n c y  in  c a p i t a l  in v e s tm e n ts .
1. . is  a known m a tr ix  g iv in g  th e  d is ta n ce s  between p o in ts  i ,  iG  I»  and j , —  
J
j  G J* r e s p e c t iv e ly .
The a va ilab le  in form ation  about p and q may be g ra p h ica lly  rep resen ted  as — 
fuzzy se ts  o r ig in a te d  by s t a t i s t i c a l  sources (or  oth ers)
the task o f "more r a tio n a l, in s te a d  o f  op tim al, m ic r o lo c a liz a t io n  
jec ts" , nust be so lv ed .
F ig . 8
q. Then -  
o f the ob-
We suppose, s im p lify in g , (V i  £  I ) , = K, T^  = T.
Then, P(w) = p ) ’ min 1 . + К LL b,  + q I w| T.
Í c *  i £ w  1J iG j  -
We next in v e s t ig a t e  the task  s o lu t io n  fo r  one parameter.
We in v e s t ig a te  f o r  q f ix e d , fo r  example, q = 1
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Then P(w) =( У 7 min 1. .)  p + I w | T + К  ^ \ b .
3 i €  w 1J d £ *  J
-  We f i r s t  determ ine an in te r v a l  fo r  parameter p, p £  I A,В , where: 
i f  p < A  the s o lu t io n  h a s  card in a l minimum not n u ll;
i f  p > В the so lu t io n  h a s  card in a l maximum ( i t  i s  needed to b u ild  in  a l l  — 
p o in t s ) .
-  We so lv e  se v er a l system s o f  l in e a r  equations to f in d  su b in terv a ls  ( in  p) — 
where the so lu t io n s  do not change w ith in  i t .  We o b ta in , fo r  example
_____ P ig .9
°  AC w1 ' W2 4 w  ^ W4 1W5 3B ^
togeth er  w ith  a "fuzzy stru ctu re"  S1 on the s e t  o f  s o lu t io n s  Jw^, . . . .  w^ j
such th at the maximum degree o f  pertenence belongs to  the more s t a b l e ---- ;
( fo r  parameter v a r ia t io n )  s e t ;
- A refinem ent o f the former p a r t it io n  i s  c a lc u la te d . The su b in terv a l -------
( 1 . ,  1 ) corresponding to the s o lu tio n  w^  i s  d iv id ed  in to  su b in terv a ls  -
A у  A-j + 1. ( A f  = 1± , Xr  = l i+ 1 ) .  j = 1. . . . .  r ; where the raw m ateria l -  
supply from the sources to  the p rocessin g  p la n ts  do not change. We obta in  
a lso  a fuzzy stru c tu re  on the su b in ter v a ls .
/
P ig . 10
— I— H H—K- -f— I— I-
»1 W2  W4 ' ' w^  В F
-  I f  some a p r io r i in form ation  about parameter p i s  a v a ila b le , i t  may be a 
fuzzy  one.
P ig . 11
We take i t s  r e s t r ic t io n  (se e  Jachaturov-Pigueroa 79) to^A.ßj , f  g j . We-
may propose, fo r  management d e c is io n  making, the a lg eb ra ic  product o f  a l l  fu-
T
zzy s t r u c t u r e s  c o n s id e r e d  e x te n d e d  t o  2
R(w) =
0 i f  w = w. f o r  i  = 1, . . . ,  5 
( S ^ S g .  y ? ) ( w i ) = S1 (wi ) . S 2(wi ) .  уй  (w± ) 
w here  J i (w ^ ) = m a x y / (p )
p e  [ v  4 + 1
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I t  i s  p o ss ib le  to  show that th ere  i s  an in te r v a l such th a t , i f  p ^
then only one o b je c t  must be b u i l t  and, i f  p ^ p then i t  i s  needed to  b u ild — 
o b jects  in  a l l  a v a ila b le  p la c es . We are then in te r e s te d  in  the in te r v a l  ------
We cannot (due to  the high d im en sio n a lity  o f  the job) c a lc u la te  a s tr a ig h t— 
l in e  fo r  each w C I  such as
P(w) = ( min 1 . )p + I w I T + K 2Z, Ъ.
3 i £  w j 3
and to  con sid er  th e  envelope (con vex , p iecew ise  l in e a r  curve) o f  th at fam ily -  
of s tr a ig h t l i n e s .
With th is  approach we could o b ta in  a p a r t it io n  fo r  in te r v a l  in  subin—
te r v a ls  where th e  optim al s o lu t io n  w could  be con stan t.
To avoid the form er d i f f i c u l t i e s  we ap p lied  a method which c o n s is te d  in  th e— 
a p r io r i d eterm in ation  of a very th in  and uniform p a r t it io n  o f  the su b in ter— 
va l £p, p j  . Por each value o f  p corresponding to the nodes o f  the p a r t it io n  
we c a lc u la te  ( Jachaturov-76) the g lo b a l minimum fo r  fu n ction  P(w). In t h is  -  
case we developed ( Jachaturov-Pigueroa 78) an algorithm  fo r  search ing lo c a l  -  
minimum and, a fterw a rd s1 we s e le c t  the "best" one.
In that way we o b ta in  a p a r t it io n  o f   ^ p, p j in  s t a b i l i t y  su b in ter v a ls  o f  the  
minimum o f p.
Supported by h e u r is t ic a l  c r i t e r ia  we a ss ig n , in  that way, to a l l  wÇ I o n e ----
p r io r ity . Por example, we can a s s ig n  one p r io r ity  p rop ortion al to the measu­
re o f  the s t a b i l i t y  resp ectin g  th e  v a r ia t io n  o f  p. The w£ I o u ts id e  the par­
t i t i o n  r e c e iv e s  p r io r ity  o. Thus, one fuzzy se t  stru ctu re  о п л = 2^i s  d e r i­
ved which s o lv e s  our task .
P(w)
P ig . 12
P
We obtained the so lu t io n  for  q = 1. This a llow s us to determ ine a p a r t it io n -  
o f  the f i r s t  quadrant in  the fo llo w in g  way,
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P ig . 13
Where each area o f the plane i s  a s t a b i l i t y  area fo r  the s o lu t io n . Thus, -  
i f  a p a ir  i s  known, we can derive the subset which a llo w s us to ob ta in  the mi 
nimum. When q d im in ish es  and the socio -econ om ica l o b je c ts  are cheaper (th e  
b u ild in g );  the s o lu tio n  may change, in crea sin g  the number o f  o b je c ts  ( fo r  p- 
f ix e d ) .  I f  q i s  f ix e d  and tran sp ort c o s t  i s  reduced, we decrease the number 
o f o b je c t s .
When we have the s o lu t io n  as a p r io r i t y  stru ctu re  on the power se t  o f  I ------
(fu zzy  subset o f  I ) ,  fo r  each su b in terv a l jl^ , 1^+1| (^ ^ p , p ]  corresponding
to a not n u ll  p r io r ity  su b se t, we then obtain  a p a r t it io n  o f  ^1^, l k+1j ----
in to  s t a b i l i t y  su b in ter v a ls  fo r  the a ss ig n a tio n  o f  elem ents o f  J to  those o f
V
I f  S i j  = V 1* and 5i j  = l i j * l k+1 ’ th en ’
P(V C  b min Ç. +j e  j  i £  w. Со±з - V * ci € » k V
Where, fo r  each j £ J ,  the fu n c tio n  min
i €  wkL
ment o f  the s tr a ig h  l in e s  o f  the fo llo w in g  type
+ Л (C ^  “ S ij ) ]  i s  envelo£
P ig . 14
I t  i s  not d i f f i c u l t  to show (F igu eroa-79) that the sum o f  a l l  the former ----
fu n c io n s, P(wk) ,  i s  a fu n c tio n  o f the same type.
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K .g.15
I t  i s  a lso  p o s s ib le  to show th a t  on each su b in terv a l^ А X k+1
n a tio n s  are c o n s ta n ts .
the a s s ig -
Now we can determ ine (fo r  each w £ I  w ith  i t s  p r io r ity  a p r io r ity  s tru c tu re -  
on the se t  o f  t h e ir  p o ss ib le  a s s ig n a t io n s , as we have done b efore  w ith the -  
su b se ts  wÇ I .
Por s im p lify in g  th e  r e s u lt s ,  we l i s t  only the support o f  the fuzzy  subset — 
determined by th e  p r io r ity  s tr u c tu r e . In the l i s t i n g ,  we presen t sev era l — 
(one fo r  each wC I  with p o s i t iv e  p r io r ity  ta b le s  composed o f  two columns ~  
one fo r  a s ig n a tio n  and the o th e r  fo r  p r io r ity  and as many rows as there a r e -  
a ss ig n a tio n s  w ith  no n u ll p r io r i t y .
The former a lgorith m s have been ap p lied  (F igueroa-79) to  the m ic r o lo c a liz a — 
t io n  fo some soc io -econ om ica l o b je c t s  in  the Is la n d  o f  P in es .
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DISCRETE MODELS IN REGIONAL PLANNING
The elem ents o f  the gen era l problem are:
-  a s e t  J = (1 , n) o f  raw m ater ia ls  sources;
-  a s e t  I  = (1 , . . . ,  m )of p o in ts  where i t  i s  p o s s ib le  to  p lace the enterpri^ 
se s  fo r  processin g  the raw m a ter ia ls;
- a  s e t  2/ = (1 .2 ,  . . . .  T) o f  tim e p er iod s, where T i s  the planning period;
-  a known fu n ctio n  b: J -----»- R, whose va lu es b^  rep resen t the volumes o f  raw
m a ter ia ls  coming from the sources j ,  j é  J , a t tim e t  £
R whose va lu e  X^  i s  the ca p a c ityan unknown (a p r io r i)  fu n c tio n  X: I-
o f  p o in t i ,  i  é l  I ,  fo r  p ro cessin g  raw m ateria l a l  tim e t  £12”;
-  a fu n c tio n  x: I X J ---- - such th a t x? . i s  the q u an tity  o f  raw m a t e r ia l ----Г J
flx>ra source j , j £ . J , to  be e lab orated  in  p o in t i ,  i  éC I ,  at tim e t C
-  a fu n c tio n  с : I  x J ------*R tra n sp o rta tio n  c o st  o f  raw m ateria l from j , ----
j é l  J , to i ,  i C l ,  a t tim e t £ l  i f  d: I  x  J ------ - R i s  the d ista n ce  ma­
t r ix  fo r  p o in ts  i  and j ,  then , g en e r a lly , the tra n sp o rta tio n  point i s  pro_
p o r tio n a l (p: R-
-  a fu n ctio n  x: I  x J
■R) to  the d istan ce  and c . .
t  3
Ci j
p- yR such that x., .. i s  the q u an tity  o f raw m ater ia l
from source j ,  j J , to  be e lab orated  in  p o in t i ,  i £  I ,  at time t<£
a known fu n ction  T; I  -R whose value T^  i s  the b u ild in g  cost fo r  ob ject
i ,  i  £ . I;
a known fu n ctio n  К: I «■R whose value If i s  the p rocessin g  co st  o f  raw-
m ater ia l u n ity  in  the o b je c t  i ,  i  é l  I ,  at tim e t é )  ”2"; 
~t,-  g^CXy are the b u ild in g  and p rocessin g  co st fo r  the en terp r ise  i ,  i  £1 I , — 
at time t ,  t é .  2 / , depending on cap acity  X^;
x* . then the ta sk  o f  optim al o b ject m ic o lo c a liz a t io n  fo r  a g i -Let X.i* .  Ц  j £  J
ven reg ion  may be form ulated as :
E E Cto determ ine, min tc . E
* ±C  I  jéTJ t  С Ъ  x i  i c ii j
Z l g i C x J ) ;
t £ ^  1 i
the c o n s tr a in ts  are :
£  * ? «  
i t l  1 3
= bticl
III
+
и
н
t  Ä t  
Xi j  ~ ai
x ^ . — 0
i j
I f  fu n c tio n s  g^(X^) are l in e a r ,  then we fa ce  a tran sp ort dynamic task  and to 
so lv e  i t  we apply the l in e a r  programming methods. N e v er th e le ss , g e n e r a lly , 
th ese  fu n c tio n s  g^(X^) are not l in e a r ,  but d isc r e te  d isco n tin u es  ones, d iffi_  
c u lt in g  the so lu tio n  fo r  t h is  ta sk  in  the genera l ca se .
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I f  g±(X*) = (К±Х* + c ±) S i«n xi  ( DIPOTET-81 ) then our ta sk  w i l l  be reduced 
to  :
min
z
i £ i
I ,
z z
i £ l d £ J
t л
xid - bd
t t
:id * V
, t  r t ,  t  
(cij + V  xij +
t
cid
X т± Sign X* 
i e i  1 1
This task i s  a m u lti-extrem es one in  n o n -lin ea r  programming. I t  may be s o l ­
ved using com b in a tor ica l methods, u sin g  the "branch and bound" method. How£ 
ver , for  using  th e s e  methods in  medium s iz e  problems, pow erful computers are 
needed.
Por long range p lan n in g , in  our c a s e ,  i t  i s  p o ss ib le  to u se  a s im p lif ie d  mo­
d el not co n s id er in g  capacity (X^) c o n s tr a in ts .
Then, our ta sk  w i l l  be the fo llo w in g :
to determine,
Y t t
Lu X. . = b ,
i C l  13 3
t t twere d . . = c , . + K.
i j  i l  1
i n  z zt i € i  d£J 
id
Z 1*. X*. 
t e r  ^
X? . » 0id
Next we present th e  com binatorical v ersio n  fo r  the former probűan statem ent.
Let w C I be a su b se t  where we suppose must be b u il the o b je c ts  to  m icroloca  
l i z e .
Then, on the s e t  o f  a l l  su b sets  w ^ I  i t  i s  p o ss ib le  to d e fin e  fu n c tio n  P(w) 
in  the fo llo w in g  way:
P(w) = min X  X  x Y  + X
t i £ w  j« £ j  Х&Г 13 13 i<£w 1
Xid
X
i £  w id
x  ^ i  0, i£w
There are not c o n s tr a in ts  l in k in g  the v a r ia b le s  by t , t h e n  we may w rite;
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P(w) Z .  min Z  2 1  d x* + 2 1  T.
t e r _ t  i6Iw  J i £ wX. .
id
t  tThere are not c o n s tr a in ts  o f  the type X^  «e a  ^ then  i t  i s  p o ss ib le  to  w rite
P(w) = 51 51 bj min dj . + 21 T.
t e r  j e  j  *> 13 ié iw  1
P(w) = z  . z  . min b'. vi. . -г у_.
t € 2 r d f e r  i e w  3 i T ,
>* * E  \
To so lv e  th is  task  i t  i s  needed: to b ú it  T m atrix t  t bj d . 
d id
; th en , to
Z t t  У  mxnmin b . d. . fo r  every t ,  t €. then to sum up (index t )  and to  addt) it)
£  Vie_w
■fc -t tIn the most sim ple c a s e , when d. . = d. . ( i t  means c . .= c . К. = K. ) i t  i si j  ij) 1 3  1« 1  1
p o s s ib le  to w r ite :
v  £  *13 1 L &  * Z  «,
, " ' T 3 t  € _ îr  3 i £ w
P(w) = min 4 .
t  iC w  d ^ J
xid
t  t  tWe have not c o n str a in ts  X. ^ a .  , then x . . fo r  every t  must take va lu e  0 or
,  V t  x V  и
( e x c lu s iv e )  b . ,  because o f  c o n str a in ts .
3
/  x. = b.id з
V  r t
i £ w
Then, to determine the P(w) value i t  i s  p o s s ib le  to use the fo llo w in g
P(w) = 2 1  min d. . ( 2 1  + 2 1  T.
d € j  J tG .' i '3 i £ w
Now, the computations to f in d  P(w) are very s im p lif ie d  because the ta sk  i s  
now a not dynamic one and i t  i s  p o ss ib le  to  c a lc u la te
P(w) = Z  min d . . b . + Z  T-i ? 
dêTJ ié lw  3 3 i £ w
( I )
S - ’
b. i s  on ly  once c a lc u la te d  before computing the P(w) v a lu eshere b . = * , ~ .
3 t e r  3 
fo r  every w C I.
We remark that in  t h is  sim ple case P(w) i s  r e la te d  to  d istance and b u ild in g  
c o s t  and ( I )  f u l f i l l  ( fo r  the moment) the requirem ents o f  our problem (ob— 
d ec ts  m ic r o lo c a liz a t io n  a developing r e g io n ) .
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Моделирование социально-экономического развития 
некоторого нового сельскохозяйственного района
Перфекто Дипотет
В работе дается общая концепция информационной системы 
поддерживающей комплексное развитие в отсталых областях разви­
вающихся стран. Также описываются математическим программирова­
нием решаемые модели для некоторых конкретных подсистем /проек­
тирование выращивания многодетных, размещение социально-эконо­
мических объектов, и т . д . / .
Egy ú 1 m ezőgazdasági  t e r ü l e t  t á r s a d a l m i - g a z d a s á g i  
f e j l ő d é s é n e k  m o d e l le z é s e
A d o lg o z a t  e g y , ,  a f e j l ő d ő  o rs zá g o k  e lm a r a d o t ta b b  t e r ü ­
l e t i  e g y s é g e in e k  komplex g a z d a s á g i  f e j l e s z t é s é t  támoga­
tó  i n f o r m á c i ó s  r e n d s ze r  k o n c e p c i ó j á t  v á z o l j a  f e l .  A 
s z e r z ő  az á l t a l á n o s  l e i r á s  m e l l e t t  több k o n k r é t  részrenc  
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m egoldható  m o d e l l t  i s  k ö z ö l .
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ABSTRACT
S y n ch ro n iza tio n  i s s u e s  in  d is t r ib u t e d  d a ta  b a se s  were h e a v i ly  in v e s te d  
n r e c e n t  l i t e r a t u r e  and many sy n c h r o n iz a t io n  p r o to c o ls  have been d e s ig n e d .
However much work i s  s t i l l  to  be done in  th e  a r e a s  o f  ROBUSTNESS and 
ECOVERY, FORMAL PERFORMANCE ANALYSIS, FORMAL SPECIFICATION AND VALIDATION, 
IGOROUS UNIFORMIZATION.
T h is paper i s  a c o n tr ib u t io n  to  the two l a t t e r  p o i n t s î we p rop ose  a 
ormai approach based on a b s tr a c t  d ata  ty p es  (a lg e b r a ic  m ethodology) and 
e v e lo p  a uniform  r ig o r o u s  framework in  which th e  sy n c h r o n iz a t io n  p r o to c o ls  
an be s p e c i f ie d  and v a l id a t e d .
We i l l u s t r a t e  our approach on a b a s ic  p r o to c o l  w hich i s  r e p r e s e n t a t iv e  
f  a m ajor c la s s  o f  s o lu t i o n s .
EY-WORDS: p r o to co l fo r m a liz a t io n  ( s p e c i f i c a t i o n  and v a l id a t io n ) ,
sy n c h r o n iz a t io n  p r o to c o l ,  d i s t r ib u t e d  d a ta  b a s e s , d u p lic a te d  
d a ta , a b s tr a c t  d a ta  ty p e s .
 ^ T h is r e sea rch  i s  sp on sored  by INRIA-ADI (SIRIUS p r o j e c t )  under c o n tr a c t  
Ц 80003 . '
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1. INTRODUCTION
Many r e s e a r c h e r s  have r e c e n t ly  p r e se n te d  s o lu t io n s  to  con cu rren cy  con­
t r o l  fo r  d i s t r ib u t e d  data  sy s te m s . These s o lu t io n s  take form o f  synchro­
n iz a t io n  p r o to c o ls  which have been  d e s ig n ed  to  c o o r d in a te  th e  rem ote p roc­
e s s e s  in  charge o f  lo c a l  d a ta  ( c a l le d  " c o n tr o l le r s " )  d u r in g  an update s e s ­
s io n .
Very few p r o p o sa ls  have b een  made to  fo r m a lly  s p e c i f y  and v a l id a t e  
(" fo rm a lize" ) th e s e  p r o t o c o ls .
This paper i s  p r im a r ily  concerned w ith  t h is  c r u c ia l  a s p e c t;  we in tr o ­
duce a form al m ethodology based  on a l g e b r a i c a l l y - s p e c i f i e d  d a ta  ty p es  to  
fo rm a liz e  e x i s t i n g  p r o t o c o ls .
This a r t i c l e  encom passes two major s e c t io n s :
-  the f i r s t  one p r e se n ts  a c le a r  d e f i n i t i o n  o f  m utual i n t e g r i t y  which  
turns o u t to  be the b a s ic  req u irem en t which must be v e r i f i e d  by a 
s y n c h r o n iz a t io n  p r o to c o l  and in tr o d u c e s  our form alism .
This c o n c e p t  i s  t r a n s la te d  in  term s o f  our model through m u tu a l- in ­
t e g r i t y  theorem s which are r e c a l le d .
-  the secon d  s e c t io n  i l l u s t r a t e s  our approach w ith  a sy n c h r o n iz a t io n  
p r o to c o l ( fo r  d u p lic a te d  e n t i t i e s )  which has been  la r g e ly  r e f e r ­
enced in  th e  l i t e r a t u r e  (namely THOMAS' o n e ) .
2. INTEGRITY CONCEPTS
We s h a l l  in  turn  exam ine the i n t e g r i t y  concept in  c e n t r a l iz e d  and 
d is tr ib u te d  d a ta  b ase  management sy stem s (DBMS).
2 .1  INTEGRITY IN A CENTRALIZED DBMS
A data b a se  can be v iew ed  as a c o l l e c t i o n  o f  e n t i t i e s  and c o n s tr a in t s  
whose v a lu e s  d e f in e  VALID s t a t e s  o f the d a ta  b a se . The c o n cep t o f  in t e g r i t y  
( c o n s is te n c y )  o f  a DBMS i s  tw o fo ld  (MIRA80-b):
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-  in te r n a l  i n t e g r i t y .
-  e x te r n a l i n t e g r i t y .
I n te r n a l i n t e g r i t y  i s  a s s o c ia te d  w ith  i n t e g r i t y  c o n s tr a in t s  d e f in e d  on 
d ata  to  meet r e a l-w o r ld  r e s t r i c i t o n s .
The con cep t o f t r a n s a c t io n  (GRAY78) has been in tro d u ced  in  c e n t r a l iz e d  DBMS 
(and n a tu r a lly  exten d ed  to  d is t r ib u t e d  DBMS (GRAY79)) to  r e p r e s e n t  th e  atom­
ic  in t e r a c t io n  o f  th e  u se r  w ith  the d ata  base w hich p r e se r v e s  in t e r n a l  in ­
t e g r i t y .
E x tern a l i n t e g r i t y  corresp on d s to  the c o n tr o l  o f  co n cu rren t tr a n sa c ­
t io n s  which may c o n f l i c t  in  sh a r in g  common d a ta  (problem s o f  " lo s t  update" , 
" d ir ty  read" , . . . )  A s e r i a l i z a t i o n  mechanism ( lo c k in g  i s  the one which has 
been  a lm ost e x c lu s iv e ly  e le c t e d )  must be d e f in e d  to  ensure e x te r n a l  in ­
t e g r i t y .
2 .2  INTEGRITY IN A DISTRIBUTED DBMS
I n te r n a l in t e g r i t y  in  a d is t r ib u t e d  DBMS i s  c a l l e d  MUTUAL INTEGRITY 
when rem ote e n t i t i e s  are  in v o lv e d  in  a (g lo b a l)  t r a n s a c t io n ;  i d e n t i t y  i s  a 
p a r t ic u la r  ca se  o f  an in t e g r i t y  c o n s tr a in t  w hich le a d s  to  the w e l l - s t u d ie d  
problem  o f  d u p lic a te d  e n t i t i e s .  There on, we s h a l l  m ain ly  c o n s id e r  th e  
l a t t e r  a s p e c t .
We say th a t a sy n c h r o n iz a t io n  p r o to c o l e n su r e s  MUTUAL INTEGRITY when 
th e  m anip ulated  e n t i t i e s  con verge to  the same s t a t e  should  update a c t i v i t y  
c e a s e .  (THOM75)...
A d i s t i n c t i o n  betw een STRONG and WEAK m utual in t e g r i t y  has been  pro­
posed by s e v e r a l au th ors (SEGU78), (L E L A 79)...
However t h is  d i s t i n c t i o n  has been r a th er  vague or in c o r r e c t  s in c e  the  
u n d e r ly in g  concept was i t s e l f  vague or in c o r r e c t ;  fo r  example in  (LELA79) 
or (SEGU78) the d i s t i n c t i o n  i s  based  upon the SIMULTANEITY co n cep t among 
rem ote s t a t e s  and t h is  tu rn s ou t to  be d e l ic a t e  s in c e  no s i t e  can e v e r  know 
th e  s t a t e  o f  the e n t ir e  d is t r ib u t e d  system  (MONT73), (GRAY79), . . .
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We propose a d i s t i n c t i o n  b ased  on th e  AVAILABILITY c o n c e p t;  an e n t i t y  
i s  s a id  to  be a v a i la b le  when i t  i s  s ta b le  (no m o d if ic a t io n  in  p r o g r e ss )  and 
open to  a r e t r i e v a l  a c c e s s .
Mutual i n t e g r i t y  i s  s a id  to  be WEAK w henever a sy n c h r o n iz a t io n  p r o to co l  
e n a b le s  to have two TEMPORARILY d i f f e r e n t  a v a i la b le  v e r s io n s  o f  the same 
copy a t  a g iv en  tim e (a t r a n s a c t io n  may r e t r ie v e  c o n s is t e n t  e n t i t i e s  which 
are n ot the m ost c u r r e n t) ;  i t  i s  s a id  to  be STRONG o th e rw ise  ( th e  r e tr ie v e d  
d a ta  are the m ost c u r r e n t) .
We can make a p a r a l le l  betw een  t h is  d e f i n i t i o n  o f  m utual in t e g r i t y  
( s tr o n g  and weak) and the l e v e l s  o f  c o n s is t e n c y  d e fin e d  in  c e n tr a l iz e d  DBMS 
l i k e  SYSTEM-R (GRAY75); in  t h i s  l a t t e r  c a s e ,  s tr o n g  in t e g r i t y  correspond  to  
th e  th ir d  l e v e l ,  weak i n t e g r i t y  to  the secon d  l e v e l  w h ile  th e  f i r s t  l e v e l  
o f  c o n s is te n c y  ca n  be c o n s id e r e d  as a "weaker" form o f  i n t e g r i t y  (a c c e s s  to  
d ir t y  data i s  p o s s ib le  a t th a t  l e v e l ) .  Our d e f in i t i o n  o f  a v a i l a b i l i t y  p re­
c lu d e s  th is  l a t t e r  type o f c o n s is t e n c y .
E xternal i n t e g r i t y  r e f e r s  to  the c o n tr o l  o f  con cu rren t c o n f l i c i t i n g  
tr a n sa c t io n s  w h ich  can be i n i t i a t e d  anywhere in  the u n d e r ly in g  netw ork.
In  c e n t r a l iz e d  system s th e r e  e x i s t s  a c o n tr o l  lo cu s  where shared  
COMMON memory i s  used  for  c o o r d in a t in g  co n cu rren t c o n f l i c t i n g  tr a n s a c t io n s .
Let us c o n s id e r  the typ e  o f  c o n tr o l we may have in  d is t r ib u t e d  data  
s y s te m s .
In a d i s t r ib u t e d  system , w hich can be d e f in e d  as a c o l l e c t i o n  o f p roc­
e s s e s  com m unicating only through  m e ssa g e -p a ss in g , th ree  ty p e s  o f  CONTROL 
LOCI have been ch o sen  fo r  s y n c h r o n iz a t io n  p r o to c o ls :
( i )  WITHIN A SITE; th e  con cu rren cy  c o n tr o l  i s  s a id  to  be CENTRALIZED
(or VERTICAL) by a n a lo g y  w ith  l o c a l  system s (MENA77), (GARC79). . .
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( i i )  WITHIN A PROCESS ; th e r e  i s  no p r iv i le g e d  s i t e .  Each s i t e  i s  fu n c -  
t io n n a ly  hom ogeneous. There e x i s t s  a g iv e n  p r o c e ss  (w hich we c a l l  
MASTER CONTROLLER) r e s p o n s ib le  fo r  the w hole sy n c h r o n iz a t io n  
s e s s io n .
The c o n tr o l i s  s a id  to  be "PARTIALLY DECENTRALIZED"; th e  p ro to ­
c o ls  o f  ELLIS (E L L I77). .  . ,  LE LANN (LELA76). . . ,  BUSTA (BUST78), 
РОРЕК/ MI RANDA(POPE 7 9) . . .  are o f  t h is  ty p e .
( i i i )  WITHIN A MESSAGE ; th e  i n i t i a t o r  o f  the sy n c h r o n iz a t io n  s e s s io n  
and the i n i t i a t o r  o f  the g lo b a l update are ( g e n e r a l ly )  d i f f e r e n t  
c o n t r o l l e r s .  A s p e c ia l  sy n c h r o n iz a t io n  m essage p rop agates  c o n t­
r o l  d ata  from c o n t r o l l e r  to  c o n t r o l le r  ( l i k e  OK v o te s  in  THOMAS' 
p r o to c o l  (THOM75)) .
The c o n tr o l i s  sa id  to  be "FULLY DECENTRALIZED".
In  th e  l a s t  two c a s e s ,  the c o n tr o l  i s  s a id  to  be HORIZONTAL; from  
p o in t ( i )  to  p o in t  ( i i i ) ,  the ten d en cy  i s  towards a r e d u c tio n  o f  the time 
fo r  which a h o s t  has c o n tr o l over  the p ro g r e ss  o f  a p r o t o c o l .
A "primary update token" th a t  moves around the netw ork and sy m b o lizes  
c o n tr o l i s  a p a r t ic u la r  case  o f  c e n t r a l iz e d  c o n tr o l tech n iq u e  ( " c ir c u la t in g  
c e n tr a l iz e d  c o n tr o l" )  which has been  proposed by s e v e r a l  au thors (WILM79-b),
The p r o to c o l  we fo rm a liz e  in  t h i s  paper p r e se n ts  the fo llo w in g  charac­
t e r i s t i c s  :
PROTOCOL
INTEGRITY THOMAS'
Mutual in t e g r i t y WEAK
E x tern a l in t e g r i t y  
(ty p e  o f  c o n tr o l)
F u l ly -d e c e n t r a l iz e d
c o n tr o l
(ty p e  o f  co n sen su s) (m a jo r ity )
F igu re 1.
Major c h a r a c t e r i s t i c s  o f  THOMAS's p r o t o c o l .
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3 - ABSTRACT DATA TYPES
3 .1  ABSTRACT-DATA TYPE CONCEPT
A data  a b s t r a c t io n  i s  a b e h a v io u r a l r e p r e s e n t a t io n - fr e e  d e s c r ip t io n  
o fte n  u s in g  form al n o ta t io n  o f  a d ata  o b je c t  and the o p e r a tio n s  upon i t .
Data a b s t r a c t io n s  are r e a l i z e d  in  programming lan gu ages by a b s tr a c t  
data  types (ADT) which i s o l a t e  th e  r e p r e s e n ta t io n a l  d e t a i l  from o th er  prog­
rams u n i t s .
Although th e  ADT co n cep t has la r g e ly  been  adopted by language d e s ig ­
n ers (WULF76), (TARD77), (GUTT78), . . .  the co n cep t i s  r e a l l y  la n g u a g e -in d e ­
pendent and can  v e r y  n a t u r a lly  be c a r r ie d  over  in  la y e r e d  system s (op era ­
t in g  sy stem s, d a ta  base management s y s t e m s , . . . ) .
There are  two p r o p e r t ie s  o f  ADT which appear to  be a p p ea lin g  fo r  d i s ­
tr ib u te d  sy s te m s:
( i )  e n c lo s u r e  and im p lem en ta tion  h id in g  (d ata  in d ep endence; u ser  
tr a n s p a r e n c y ) .
( i i )  a b s t r a c t io n a l  power ( s e p a r a b i l i t y  o f  fu n c t io n s ;  f l e x i b i l i t y ) .
Two f a m i l i e s  o f  o b j e c t - o r ie n t e d  lan gu ages (en com passin g  ADT's) have 
been p rop osed , th e  p r o p o s i t io n a l  one (MILN71), (HOAR72), (WULF76) and the  
a lg e b r a ic  one (BURST77), (GOGU78), (GUTT78).
We e le c te d  th e  a lg e b r a ic  approach which seem s to  be more adequate to  com­
p le x  s tr u c tu r e  fo r m a liz a t io n  (PAOL77), (LOCK78), (M E L K 78),...
3 .2  ALGEBRAIC APPROACH (GOGU76), (TARD77), (GUTT78).
We b r i e f l y  r e c a l l  the m ajor fe a tu r e s  o f  the a lg e b r a ic  approach fo r  
ADT's as p r e s e n te d  in  (GOGU76).
An ADT can be d e f in e d  as a MANY-SORTED ALGEBRA:
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-  an a lg eb ra  o f  ONE SORT i s  rou gh ly  speak ing a s e t  o f  o b j e c t s  and a 
fa m ily  o f  o p e r a to r s  on the s e t ;  the s e t  i s  c a l l e d  the c a r r ie r  o f  the 
a lg e b r a .
-  MANY-SORTED ALGEBRA ex ten d s  t h i s  d e f in i t io n  by a llo w in g  th e  c a r r ie r  
o f  th e  a lg eb ra  to  c o n s is t  o f  s e v e r a l  d i s j o i n t  s e t s ;  each o f  th e se  
s e t s  i s  sa id  to  have a SORT; th e  op era to rs  are  so r te d  and typed  but 
must be c lo s e d  w ith  r e s p e c t  to  the c a r r ie r .
Two b a s ic  k inds o f  s o r t s  are in v o lv e d  in  an ADT s p e c i f i c a t io n :  the s o r t  
b e in g  d e f in e d  and any number o f  s o r t s  assumed p r e v io u s ly  d e f in e d  in  a s im i­
la r  fa s h io n  ( i . e .  th e  B oolean  s o r t  in c lu d e s  the u s u a ls  c o n s ta n ts  T and F, 
and i s  assumed to  have been d e f in e d  in  i t s  own r ig h t  w ith  the same method­
o lo g y ;  o th e r  b u i l t - i n  ADT's we may u se  are INTEGER, Q U EU E,...)
*
O perators o f  the a lg e b r a  are in d exed  by p a ir s  (w ,s )  where w£S ( s o r t  o f  
the operand),and sGS ( s o r t  o f  the r e s u l t s ) ;  the symbol Ew,s w i l l  be used fo r  
the s e t  o f  a l l  o p e r a tio n s  w ith  in d ex  ( w ,s ) ;  L i s  u sed  fo r  the u n ion  o f  a l l  
the s e t s  Ew,s and i s  c a l l e d  the " s ig n a tu r e "  o f the a lg e b r a .
A E -a lg eb ra  A i s  a fa m ily  o f  s e t s  (A s ) , s€S , c a l l e d  CARRIERS o f  A which 
i s  d eterm in ed  by a t r i p l e  <S, E, E> w here:
S i s  the s e t  o f  " s o r ts " , S : { s i ,  s 2 , . . . s i , . . .s n }  d en o tin g  the
v a r io u s  ty p es o f  o b je c t s  which are req u ired  fo r  th a t d e f i n i t i o n .
E i s  the s e t  o f  o p e r a tio n s  E = { E ,w ,s } , whose operands and r e s u l t s  
are o b je c ts  making up the s o r t s  in  S (SYNTAX d e s c r ip t io n )
E i s  the s e t  o f  e q u a tio n s  which d e sc r ib e  th e  sem an tics  o f  each  Ew,s 
o f  E; each a lg e b r a ic  eq u a tio n  (o r  axiom) d e f in e s  the r e s u l t s  o f  
v a r io u s  com b in ation s o f  o p e r a to r s  a p p lied  upon v a r io u s  op eran d s.
*
For every  (w,s)6ES x S and every  t£Ew, s the fu n c t io n  xA : As 1 x As2 x 
XAsn As w ith  w = s l , s 2 , . . . s n  i s  c a l l e d  "А-o p e r a t io n  named by t"
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Two m an y-sorted  a lg e b r a s  are c a l le d  E -a lg e b r a s  i f  th ey  have the same 
s ig n a tu r e .
A very  im p ortan t con cep t i s  the one o f  E-homomorphism; D e f in i t io n : g iv e n  
two E -a lgeb ras A and B, a E-homomorphism, h:A -*■ B, i s  a fa m ily  o f fu n c t io n s  
< hs:A s -*■ B s, sGS > mapping each  c a r r ie r  in  A in to  the corresp o n d in g  c a r r ie r  
in  В w h ile  p r e s e r v in g  th e  o p e r a t io n s ,  i . e .
Vt£Ew, s w ith  w = s l , s 2 , . . .s n  and ( a l , . . . a n )  GAsl x As2 x . .Asn we have  
h s (т (a 1 , . . .a n ) ) = т h s 1( a l ) , . . .h s n (a n ) ) ;  t h i s  can be v i s u a l i z e d  by theA jD
fo llo w in g  diagram  com m utation:
Aw rA ->As
hw
V
Bw----- tB
hs
' )
■»Bs
We s h a l l  u se  the Z-homomorphism con cep t to  e x p r e ss :
( i )  p a r a l le l i s m  among rem ote o p e r a to r s  (E-homomorphism)
( i i )  la y e r e d  a b s t r a c t io n s  betw een th e  d is t r ib u t e d  d a ta  b ase  and the  
u n d e r ly in g  tr a n sm iss io n  f a c i l i t y  on one hand; betw een  the d i s t r i ­
buted  d a ta  b ase  and th e  lo c a l  DBMS on the o th e r  hand.
I t  i s  im p ortan t to  n o te  th a t  the ADT d e f in i t io n s  o f  a p a r t ic u la r  typ e  
i s  not unique; how ever, i t  sh ou ld  meet th e  fo l lo w in g  g o a ls :
(1) The o p e r a to r s  sh ou ld  n o t be redundan t.
(2) The e q u a t io n s  must n o t be c o n tr a d ic to r y .
(3) The o p e r a to r s  and axiom s should  be as sim p le  as p o s s ib le .
(4) The e q u a t io n s  sh ou ld  be c o n s tr u c te d  in  such a way th a t  lea d s  
f o r c ib ly  to  unique r e d u c tio n .
(5) We s h a l l  u se a form alism  c lo s e  to  OBJ-O (TARD77), (GOGU78), 
(GOGU76), (TARD79).
Which r e p r e s e n ts  one o f  the b a s ic  language encom passing a lg e b r a i­
c a l l y - s p e c i f i e d  d a ta  ty p e s ;  G u tta g ' system s fo r  sym b olic  e x e c u t io n
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o f  ADT's seem s to  s u f f e r  some in a d e q u a c ie s  m ain ly  a t  th e  s in t a c t i c  
l e v e l  (TARD79).
3 .3  OBJ-O
OBJ-O i s  an o b j e c t - o r ie n t e d  language d e f in e d  by GOGUEN(GOGU76) and 
im plem ented by TARDO (TARD77); t h i s  language i s  very  c lo s e  to  NPL lan gu age, 
now c a l l e d  HOPE d e f in e d  in  (BURS77-b). In OBJ-O, an a lg eb ra  i s  a 4 - tu p le :
< SORTS, OPS, VARS, SPECS > where
SORTS, OPS, SPECS corresp on d  r e s p e c t iv e ly  to  S ,E ,E  and VARS in c lu d e s  the 
d e f in i t io n  o f  the w orking v a r ia b le s  used in  th e  axiom s.
The e r r o r -o p e r a to r s  ("ERROR-OPS") and t h e ir  sem a n tics  ("ERROR-SPECS") 
may be n a tu r a lly  d e f in e d  in  t h is  language; an e x te n s iv e  d is c u s s io n  o f  "er­
ror a lg eb ra s"  i s  p r e se n te d  in  (GOGU77).
The g en era l sy n ta x  o f  an o p era to r  i s  g iv e n  by:
OP
_■>
O perator name 
(under bars are  
u sed  fo r  p la c e ­
h o ld e r s )
S 1 .S 2 ................................SN---------------------------- ? Sp
1 N ------- -------- J V -V—.........'
Operand s o r ts  r e s u l t s  so r t
(N: a r i t y  o f  the OP 
o p e r a to r )
P r e f ix ,  i n f i x ,  p o s t f i x ,  d i s t r i b u t e d - f ix  d e c la r a t io n s  are p o s s ib le  in  
OBJ-O.
Each s o r t  has an e q u a l i t y  r e la t io n  which i s  b u i l t - i n  w ith  sy n ta x :
- : =  -  : S S----------->S
Hidden o p e r a to r s  may be d e c la r e d  w ith  the key-w ord "HIDDEN" p la ced  a f ­
t e r  th e  r e s u l t  s o r t .
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We s h a l l  o f t e n  use c o n d it io n a l  e q u a tio n s  in  the a lg e b r a ic  s p e c i f i c a t io n ;  
a form al th eory  o f  c o n d it io n a l  e q u a tio n s  in  ADT's i s  d eve lop ed  in  (THAT76).
In the s p e c i f i c a t io n s  o f  a sy n c h r o n iz a t io n  c o n t r o l le r  u s in g  ADT's, we 
s h a l l  n e ith e r  u se  p la c e -h o ld e r s  in  OPS nor c o n s id e r  ERROR o p e r a to r s .
4 .  f i m i J M  OF A SYflCHRQNiZATJQN PROTOCOL
The co n cep t o f  ADT sh ou ld  be the lo w e st  common denomin a to r  which m axi­
m izes  every o n e 's  n a tu r a ln e ss  a t  some l e v e l  o f  e x p r e s s io n . In  th e  area  o f  
s y c n h r o n iz a t io n  p r o t o c o ls ,  th e  th r e e  b a s ic  o p e r a to r s  (framework fo r  u n ifo r -  
m iz a t io n /a b s t r a c t io n )  which may r e c e iv e  a g e n e r a l c o n se n su s , a re :
-  PREPAREG; t h i s  op era to r  co rresp o n d s;
( i )  to  th e  lo c a l  i n i t i a l i z a t i o n  w hich c o n s is t s  o f  a l l  th e  a c t io n s  
needed  fo r  the t r a n s a c t io n  to  s t a r t  c o n s is te n c y  en forcem en t:  
tim e-stam p  a c q u i s i t io n  (TH0M75), n ew -value com p utation  (THOM75), 
t i c k e t  a l lo c a t io n  (LELA78), p r i o r i t y  d e f in i t i o n  (ELLI77), 
(BUST78), (POPE79), . .  .
( i i )  to  th e  g lo b a l i n i t i a l i z a t i o n  which in c lu d e s  the s t r a t e g y  to  r e ­
s o lv e  c o n f l i c t s :  f i r s t  r e v o lu t io n  in  the v ir t u a l  r in g  (ELLI77), 
f i r s t  s te p  o f sy n c h r o n iz a t io n  (POPE79), . . . ,  to  check s e c u r it y  
(POPE79), to  perform  temporary update (LELA78), (POPE79), . . . .
-  SETG; t h i s  op era to r  c o n s is t s  o f  th e  p ro p a g a tio n  or b r o a d c a s tin g
o f  th e  (perm anent) u p d a te .
-  UNSETG; t h i s  o p era tor  con cern s th e  (r o b u s t)  commitment phase ( lo g
sy n c h r o n iz a t io n  (POPE79), . . . )
The work on r e l i a b i l i t y  i s  much l e s s  d ev e lo p ed  than th a t  on e x te r n a l  
c o n s is te n c y  and in  many p r o p o s a ls ,  UNSETG i s  embedded in  SETG, as in  
(THOM75)... T h is correspond s to  th e  f a c t  th a t  th ere  e x i s t s  a c le a r  dichotom y  
betw een  p erfo rm a n ce-o r ien ted  and r o b u s tn e s s -o r ie n te d  p r o t o c o ls .
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The above o p e r a to r s  apply  to  a " g lo b a l v ir t u a l  o b je c t" ;  th e  g lo b a l  
v ir t u a l  o b je c t  c o n s i s t s  o f  each lo c a l  o b je c t  s e m a n t ic a lly  t ie d  d u r in g  a ma­
n ip u la t io n .  A d u p lic a te d  e n t i t y  may be seen  as a l o g i c a l  e n t i t y  ( th e  g lo b a l  
v ir t u a l  o b je c t )  p h y s ic a l ly  s to r e d  in  s e v e r a l  rem ote s i t e s .
T h is " lo c a l i t y "  con cep t r e c e iv e s  a form al developm ent in  (B IL L 79).
The g lo b a l v i r t u a l  o b je c t  i s  c h a r a c te r iz e d  by a s e t  o f  ( g lo b a l )  s t a t e s  
in  each p a r t ic ip a t in g  c o n t r o l l e r .  Each o p era to r  maps an in p u t g lo b a l  s t a t e  
and a s e t  o f  in p u t m essages in to  an ou tp u t s t a t e  and a s e t  o f  o u tp u t mes­
sages .
P r o to c o ls  are s a id  to  be m essa g e -d r iv en : r e c e p t io n  o f  a sy n c h r o n iz a t io n  
m essage c a u se s  a s e r i e s  o f  a c t io n s  (and e v e n tu a lly  a m essage tr a n sm iss io n )  
to  be e x e c u te d .
T his con cep t o f  ( g lo b a l)  STATE e n a b le s  us to  e x p r e ss  the se m a n tics  o f  
the a tta c h e d  m a n ip u la tio n  o p era to rs  in  a s im p le  way. A change o f  s t a t e  i s  
the r e s u l t  o f  the e x e c u t io n  o f  an o p era to r  bound to  the occu ren ce o f  an 
e v en t (h ere  a s y n c h r o n iz a t io n -m e ssa g e ) .
These s t a t e s  en a b le  us to  s p e c if y  the d i f f e r e n t  p r o to c o l s t e p s ;  they  
a llo w :
( i )  The s im p l i f i c a t io n  o f  o p era to r  se m a n tic s .
( i i )  The s im p l i f i c a t io n  o f  the v a l id a t io n  p r o c e ss .
( i i i )  The s e t t i n g  o f c le a r  r e -e n tr y  p o in ts  fo r  the reco v ery  
p ro ced u re .
( iv )  The e x p r e s s io n  o f  p a r a l le l i s m  among rem ote c o n t r o l l e r s  by 
u sin g  homomorphisms among rem ote s t a t e s .
Our model e n c a p su la te s  the fu n c tio n n in g  o f  a c o n t r o l le r  w ith  a E -a l-  
geb ra , c a l l e d  SYNCH, whose c a r r ie r  i s  the g lo b a l - e n t i t y  s t a t e  and o p e r a to r s ,  
(PREPAREG, SETG, UNSETG), a reduced s e t  o f  p r im it iv e s  a tta ch ed  to  p a r t ic u la r  
m essage r e c e p t io n s .
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A s y n c h r o n iz a t io n  p r o to c o l i s  d e p ic te d  as a s e t  o f  E-homomorphism 
ALGEBRAS.
This approach o f f e r s  the same advan tages as P e t r i - n e t s  (r e p r e s e n ta t io n  
in d e p e n d e n c e .. .)  w ith  a d d it io n a l  ones such a s :
-  sim ple r ig o r o u s  form alism  fo r  in f e r r in g  p ro o fs  o f  c o r r e c tn e s s .
-  sem antic framework from  which c o r r e c t  im p lem en tation s can be d e r iv e d  
(a u to m a t ic a l ly )  (GUTT78), (TARD77), (N O U R 79),...
-  ROBUSTNESS in te g r a t io n  in  a n a tu r a l way ( in  (POPE7 9 ) , we d e f in e  the  
sem an tics o f  a m essage r e c e p t io n  in d ic a t in g  the f a i lu r e  o f  a coope­
r a tin g  c o n t r o l l e r ) .
4 .1  GLOBAL ENTITY STATES
For each o f  th e  th ree  g e n e r ic  o p e r a to r s  in d ic a te d  p r e v io u s ly  we a t ta c h  
an input and an ou tp u t (g lo b a l)  s t a t e .  Among th e se  s t a t e s  two o f  them appear 
to  be im portant;
-  the a v a i la b le  s t a t e , n o ted  F, b e fo r e  th e  a c tu a l m o d if ic a t io n  ( i n i t i ­
a l s t a t e )  an F' a f t e r  ( f i n a l  s t a t e ) ;  the lo c a l  e n t i t y  (cop y) can be 
r e t r ie v e d .
F r e p r e s e n ts  the in p u t s t a t e  o f  PREPAREG and F* the ou tp u t s t a t e  o f  
UNSETG.
-  the u n s ta b le  (u n a v a ila b le )  s t a t e  n o ted  U which corresp on d s to  a 
cu rren t m o d if ic a t io n  o f  the lo c a l  e n t i t y  which cannot be r e t r ie v e d .
4 .2  CANONICAL REDUCTION; SERIALIZATION
Every seq u en ce  o f o p e r a to r s  o f SYNC i s  reduced to  a sequence  
(PREPAREG)-(SETG)-(UNSETG), c a l l e d  c a n o n ic a l r e d u c tio n .
A t r a n s a c t io n  i s  sa id  to  be ATOMIC i f  c a n o n ic a l r e d u c tio n s  o f  t h is  
tr a n sa c t io n  a r e  id e n t ic a l  in  each c o n t r o l l e r  in v o lv e d  in  the sy n c h r o n iz a t io n
s e s s io n .
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Two c o n f l i c i t i n g  tr a n s a c t io n s  are sa id  to  be SERIALIZED i f  t h e ir  
r e s p e c t iv e  c a n o n ic a l r e d u c tio n s  do n ot in t e r f e r e  in  the m o d if ic a t io n  phase  
(SETG).
4 .3  MUTUAL-INTEGRITY THEOREMS
B efore  r e c a l l i n g  th e  two m u tu a l- in te g r ity  theorem s (whose p r o o fs  are  
g iv en  in  (MIRA79)), l e t  us g iv e  an e x te n s io n  o f  the E-homomorphism d e f i n i ­
t io n ;  we say  we have a TOTAL E-homomorphism in  a sy n c h r o n iz a t io n  p r o to c o l  
whose each c o n t r o l l e r  i s  s p e c i f ie d  by a E -a lg eb ra  SYNC i f :
V i, Vj SYNCi and SYNCj are E-homomorphic, i , j £ ( l , n )  w ith  n number o f  
d u p lic a te d  e n t i t i e s .
THEOREM 1 : S trong-m utual in t e g r i t y  theorem
A sy n c h r o n iz a t io n  p r o to c o l  en su res  stron g-m u tu a l in t e g r i t y  i f :
( i )  t r a n s a c t io n s  are atom ic and th ere  e x i s t s  a TOTAL E-homomorphism 
(on output s t a t e s ) .
( i i )  c o n f l i c t i n g  tr a n s a c t io n s  are s e r i a l i z e d .
THEOREM 2 : Weak-mutual in t e g r i t y  theorem
A sy n c h r o n isa t io n  p r o to c o l  en su res weak-m utual i n t e g r i t y  i f :
( i )  t r a n s a c t io n s  are atom ic and th ere  e x i s t s  a PARTIAL E-homomorphism  
(on in p u t s t a t e s ) .
( i i )  fo r  every  u n s ta b le  s t a t e ,  th e re  i s  a t r a n s i t io n  U---- >F' on each
c o n t r o l l e r .
( i i i )  fo r  the E -a lg e b r a s  SYNC w hich are n o t E-homomorphic th e r e  e x i s t s  
a morphism cps en su r in g  the fo llo w in g  diagram  com m utation.
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ith Controller: (F ) i
j th  c o n t r o l l e r :  (F )j
* ( U ) i  [v  ( F ) i ]
* ( U ) i  [v  (F) j ]
r e j e c t io n  c a se
( iv )  c o n f l i c t i n g  tr a n s a c t io n s  are s e r i a l i z e d
NOTE : A morphism (ps betw een two g lo b a l - e n t i t y  s t a t e s  r e p r e s e n ts  a
FUNCTIONAL CORRESPONDENCE (n o t n e c e s s a r i ly  a s im u lta n e ity )  betw een the ope­
r a to r s  g e n e r a tin g  th e se  s t a t e s ;  as a m a tter  o f  f a c t ,  the morphism i s  a s s o ­
c ia te d  w ith th e  sy n c h r o n iz a t io n  m essage s e n t  during the g e n e r a tio n  o f  the  
con sid ered  s t a t e .  The s u c c e s s iv e  morphisms r e p r e se n t  an e v e n t-se q u e n c in g  
schem e.
5. FM \UZAIi.QN P f, .THOMAS '. PROTOCOL
I n te r e s te d  rea d ers  are urged to  g e t  a look  a t  the quoted  r e fe r e n c e s  
concern ing t h i s  p r o to c o l s in c e  we s h a l l  o n ly  sum up t h e ir  b a s ic  p r o p e r t ie s .
5 .1  PRINCIPLE OF THOMAS* SOLUTION (THOM75), (THOM77)
THOMAS' p r o to c o l  i s  based  on a MAJORITY CONSENSUS m echanism . Each Data 
Base Manager P r o c e ss  (DBMP) -  th ere  i s  one DBMP in  ev ery  s i t e  -  VOTES on the  
a c c e p ta b i l i t y  o f  update r e q u e s ts .  For a r e q u e s t  to  be a c c ep te d  and a p p lie d  
to  a l l  data  b a se  c o p ie s ,  o n ly  a m a jo r ity  o f  DBMP's need to  aprove i t .  The 
req u est i s  s a id  to  be RESOLVED when a m a jo r ity  o f  DBMP's a ccep ted  or r e j e c ­
ted  i t .
The i n i t i c a l  s te p  o f  t h i s  p r o to c o l con cern s the a c q u is i t io n  o f  the  
BASE-VARIABLE S (BV' s ) by th e  o r ig in a to r  o f  the req u est ( c a l l e d  a p p l ic a t io n  
program or A .P .)  from any DBMP (JINTIŒQ_mesj3aj>e2_. The DBMP r e p l i e s  to  the  
AP _(BVTS m essa g e) by sen d in g  i t  the BV v a lu e s  a lon g  w ith  th e  a tta c h e d  t im e-  
stamps (a tim e-stam p  r e p r e s e n ts  th e  l a s t  m o d if ic a t io n  d a te  o f  a g iv e n  BV).
The AP c a lc u l a t e s  the new v a lu e s  o f  the BV c a l l e d  the UPDATE-VARIABLES 
(U V 's).
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The g lo b a l  update s e s s io n  i s  i n i t i a l i z e d  by the send ing  o f  th e  update  
r e q u e st  (M^REQ_mess_age^_ which encom passes b oth  th e  s e t  o f  BV's w ith  t h e ir  
tim e-stam ps and the s e t  o f  UV 's.
The i n i t i a l  v e r s io n  o f  t h is  p r o to c o l (THOM75) used a DAISY-CHAIN d uring  
the r e s o lu t io n  p h ase: each  DBMP v o te s  when r e c e iv in g  an EXTREQ, and forw ards  
the r e q u e st  a lo n g  w ith  th e  accum ulated v o te s  to  an oth er  DBMP th a t  h a s n 't  
v o ted  y e t  i f  a co n sen su s i s  not rea ch ed . T his procedure c o n tin u e s  u n t i l  the  
r e q u e st  i s  r e so lv e d  (a  r e q u e s t  i s  s a id  to  be "pending" t i l l  t h i s  r e s o l u t io n ) .  
The v o t in g  r u le s  b a s i c a l l y  amount to  v o t in g :
0 (OK): Each BV i s  cu rren t and th e re  i s  no c o n f l i c t ;
I f  a m a jo r ity  con sen su s i s  a t ta in e d  (on  OK v o te s )  th e  re q u e st  
i s  g lo b a l ly  a c c e p te d ; th e  a c c e p ta t io n  i s  n o t i f i e d  to  each  DBMP 
by th e  se n d in g  o f  the UPD m essa g e .
R (R e je c te d ) : There i s  an o b s o le te  BV. The r e j e c t io n  i s  n o t i f i e d  to  each  
DBMP w ith  th e  REJ m essage (one r e j e c t  v o te  i s  enough to  
g lo b a l ly  r e j e c t  a r e q u e st  which c o u ld  be la te r  r e su b m it te d ) .
A weak form o f  r e j e c t io n  n ot c o n s id e r e d  h e r e ,  i s  proposed in  (THOM77).
P (p a s s ) :  Each BV i s  c u rren t but th e re  e x i s t s  a c o n f l i c t  w ith  a h ig h e r
p r io r i t y  pending r e q u est (w hich r e c e iv e d  an OK v o t e ) .
A c o n f l i c t  betw een Ti and Tj corresp on d  to  (B V 's )i  П (U V 's)j^ 0 .
I f  a m a jo r ity  con sen su s i s  o b ta in ed  on PASS v o te s  th e  r e q u e s t  
i s  g lo b a l ly  r e j e c t e d .
D ( d e fe r ) :  d e fe r  v o t in g  when:
-  e i t h e r  each  BV i s  c u r r en t b ut th e r e  e x i s t s  a c o n f l i c t  w ith  a 
lo w e r -p r o r ity  pending r e q u e s t .
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-  or  request-B V  tim e-stam p s are  more cu rren t than the lo c a l  
o n es which are o b s o le t e  (a  p r e v io u s  update was n o t y e t  
p er fo rm ed ).
T h is  ca se  corresp on d s to  th e  weak in t e g r i t y  f e a t u r e .
T hese d e fer r e d  r e q u e s t  are queued ( in  Q ).
5 .2  THOMAS' PROTOCOL FORMALIZATION
A c o n t r o l l e r  i s  fo rm a liz e d  by an ADT named SYNC whose s ig n a tu r e  i s  
in d ic a te d  in  th e  fo llo w in g  f ig u r e .
OBJECT OPERATORS COMMENTS
Global e n t i t y  (GE) PREPAREG (M, GES); 
SETG (M, GES);
UNSETG (GES);
ID (GES);
M : M essages
GES: G lobal e n t i t y  
s t a t e
ID: I d e n t i t y  o p e r a to r
F ig . 2 .
SYNC S ig n a tu r e
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OBJECTS OPERATORS COMMENTS
M essage (M) TRANSMIT (M, PR.DBMPL, I , J ) ; DBMPL: L i s t  o f  c o n tr o l­
l e r s  which v o ted
MG (EXTREQ, UPD, 
REJ)
BROADCAST (M, PR, LIST); I J :  co u n te rs  
LIST: i d e n t i f i c a t io n  o f  
r e c e iv in g  c o n t r o l le r s  
(may be "ALL")
RECEIVE (M,PR,DBMPL,I,J, 
GES, PR);
GES,PR: lo c a l  parame­
t e r s
PR: p r io r i t y
WAIT (M ,PR); we in d ic a t e  the para­
m eters o f  im portance in  
a m essage tr a n sm iss io n /  
r e c e p t io n
Copy s ta t u s  (CS) 
CS (STB.USTB)
ID (CS)
G lobal R equest 
S ta tu s  (GRS) ID(GRS) A : none
GRSG(A,P,A,R) P : pending  
A : a ccep ted  
R : r e je c te d
L ocal R equest 
S ta tu s  (LRS)
LRSG (OK,D,PS,RJ)
ID (LRS) OK : OK v o te  
D : d e fe r r e d  
PS : pass  
RJ : r e je c te d
L ocal e n t i t y  (LE) PREPAREL (LE); SETL (LE); 
UNSETL (LE);
TRANSACTION (T) PROCESS (T)
F i g . 3 .
S ig n a tu r es  o f  o th er  in v o lv e d  ty p es
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Other b a s i c  o p era tors u se d  in  the s p e c i f i c a t io n s  are  th o se  a tta ch ed  to
-  INT, BOOL, l ik e  TEST ( A ,B ) : = IF A = В THEN TRUE ELSE FALSE
SUP ( A ,B ) : = IF A > В THEN TRUE ELSE FALSE
-  LIST (L) l ik e  APPEND ( i , L ) , . . .
-  QUEUE (Q) l ik e  ENQ,DEQ,EMPTY?,. . .
A g lo b a l e n t i t y  s t a t e  (GES) i s  a 3 - tu p le  CCS, GRS, LRS> which may tak e  
4 b a s ic  form s:
(STB,A, - ) ,  (S T B ,P ,- ) ,  (ST B ,R ,-)> (U ST B .A ,-) 
where " -  " r e p r e s e n ts  a n o n - s p e c if ie d  lo c a l  param eter (OK,RJ,D, or P S ).
The s p e c i f i c a t io n s  o f  SYNC fo r  THOMAS' p r o to c o l are g iv e n  in  Annex 1. 
P a r a lle l is m
We want to  exp ress th e  p a r a l le l i s m  betw een two p a r t ic ip a t in g  c o n t­
r o l l e r s  nam ely SYNCi and SYNCj ; p a r a l le l i s m  betw een c o n t r o l l e r s  i  and j 
w i l l  be d e p ic te d  by a E-homomorphism betw een SYNCi and SYNCj.
In ord er to  do so we in tr o d u c e  the fo l lo w in g  morphism ф a s s o c ia te d  
w ith  sy n c h r o n iz a t io n  m essages which d e f in e s  a corresp on d an ce between rem ote  
g lo b a l s t a t e s :
#•
(STB ,Л , - ) --------- фЕПОПе -^---------K S T B .A ,-)
( s t b , p , - ) ----------^ lJ x-TREQ J------ ->(s t b , p , - )
(USTB ,A , - ) -------- i£[UPDj------------t>(USTB,A,~)
A s se r tio n  1 : In  an environm ent w ith ou t con cu rren cy  c o n f l i c t s ,  the p r o to c o l  
en su res weak m utual c o n s is t e n c y
The v e r i f i c a t i o n  o f  theorem  2 i s  s tr a ig h t - fo r w a r d  w ith  (ST B ,A ,-) = F 
and (USTB,A,-) = U. As a m a tte r  o f  f a c t  we g e t  the fo l lo w in g  diagram com­
m utations (a tta c h e d  to a g iv e n  tr a n sa c t io n )  by making u se  o f  the E -a lg eb ra s  
e q u a t io n s .
91
NOTE: We r e p r e se n t  th e  th ree  ty p e s  o f  c o n t r o l l e r s  which may e x i s t  in  the  
d is t r ib u t e d  sy stem .
i t h
C o n t r o l l e r  
which v o ted  
w ith o u t o b t a i ­
n in g  th e  con -  
sen su s>
j t h
C o n t r o l l e r  
where the  
con sen su s i s  
obtain ed >
kth
(STB,At - ) - FREPAR£g > (STB,P,OK)— --> { (S T B ,A ,- )}  ^ ^ (USTB.A,-)
Ф (p(EXTREQ)
(MJ
cp(UPD)
(S T B ,A ,-)- -  — -  »(STB;p ,OK) ГеасЬе^Ь тВ ,А ,О К )} SET£ (USTB,A,-)
(p(UPD)
( S T B ,A ,- ) ----------------- (S- -) ( (S T B ,A ,-)}  SET(k uSTB,A,-)
C o n t r o l l e r  
which d id  n ot  
vote>
n o ta t io n :  [M] : r e c e p t io n  o f  m essage M
In th e  fo llo w in g  diagram s, we s h a l l  n o t r e p r e se n t  the in te r m e d ia te  
s t a t e s  (betw een { } )  to  a l l e v i a t e  the r e p r e s e n t a t io n s .
NOTE: I f  we in te g r a t e  in t e r n a l - i n t e g r i t y  v i o la t io n  in  t h is  scheme we g e t  the  
fo llo w in g  com m utation which en su res  th a t  th e  f in a l  g lo b a l  s t a t e  ( a v a i la b le  
fo r  r e t r ie v a l /u p d a t e )  i s  id e n t ic a l  to  th e  i n i t i a l  one.
We in tro d u ce  the fo l lo w in g  morphism (S T B ,R ,-) cp(REJ) X S T B .R ,- )
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Ф
i t h  (ST B ,Л,-У
( c o n tr o l le r  
w hich  voted  
OK; the con­
sen su s  i s  not  
reach ed )
PREPAREG (STB p t0K)^ EÇT_ (STOtR>_ ) .,ÜHSE_TG. _ (STB>At_ )
j t h (S T B .A ,-)
( c o n tr o l le r  
w hich voted  
REJ)
[EXTREQ]
ф[ЕХТКЕ()]
* ( S T B ,P , - )
BV
v i o l a t i o n
Ф (REJ)
4STB,R,R J)
UNSETG -►(STB,A,-)
k th  (S T B ,A ,-)  n o ta t io n  [m] : r e c e p t io n  o f  m essage M
( c o n tr o l le r
w hich did
n o t  vo te)
No SETG h a s  been perform ed; t h e r e f o r e ,  th e  f in a l  s t a t e s  corresp on d  to  
th e  i n i t i a l  o n e s  (b e fo r e  th e  sy n c h r o n iz a t io n  s e s s i o n ) .  The m utual c o n s is ­
ten cy  i s  th en  v e r i f i e d .
A sse r tio n  2:
The p r o to co l e n su r e s  weak m utual c o n s is t e n c y  when th ere  i s  a f i n i t e  s e t  o f  
con current c o n f l i c t i n g  t r a n s a c t io n s  
P roof :
The p r o o f  o f  t h is  a s s e r t io n  may be reduced  to  two co n cu rren t tr a n sa c ­
t io n  Ti and Tj (w ith  PRi > PRj) s in c e  th e r e  i s  a t o t a l  o r d e r in g  o f  tr a n sa c ­
t io n s  .
Two m ajor c a se s  may occu r  depending on the f a c t  th a t:
( i )  The low er p r i o r i t y  t r a n s a c t io n  (T j) g e ts  the m a jo r ity  con sen su s  
on OK b efo re  T i .
( i i )  Tj g e t s  the m a jo r ity  con sen su s on PASS v o te s  and i s  r e j e c t e d .
We w i l l  u se  the in d ic e s  i  and j fo r  ф to  in d ic a te  the b e lo n g in g  o f  a 
correspond en ce to  the i t h  or j th  s e s s io n .  In  ANNEX 2 F igu re  4 ( r e j e c t io n  o f  T 
and F igure 5 ( r e j e c t io n  o f  Tj) d e p ic t  th e  m ost g e n e r a l s i t u a t io n s  w hich can 
a r is e  and show the weak m utual c o n s is t e n c y .
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6 - CONCLUSI ON
The d if f e r e n c e  betw een t h is  model and the o th e r s  are a r e f l e c t i o n  o f  
d i f f e r e n t  g o a ls ;  our model i s  an a ttem pt to  p r o v id e :
( i )  a m in im iz a tio n  o f  th e  p r im it iv e  c o n c e p ts :  a framework f o r  p r o to ­
c o l u n ifo r m iz a t io n /a b s tr a c t io n  le a d in g  to  th e  concept o f  
sy n c h r o n iz a t io n -p r o to c o l tran sp aren cy  ( t h i s  in tro d u ces  a new 
degree o f  tran sp aren cy  to  the fo u r  ty p es  o f  tran sp aren cy  p r e sen ­
ted  in  (TRA I79). W hatever the sy n c h r o n iz a t io n  p r o to co l i s ,  we 
p o in ted  ou t th r ee  g e n e r ic  p r im it iv e  o p e r a to r s  which r e p r e s e n t  
the on ly  know ledge o f  the in n er  and o u te r  la y e r s  where th e  pro­
to c o l  i s  u sed ; the op era to r  sem a n tics  (d ep en d in g  on th e  p r o to c o l)  
i s  hidden and can be sw itch ed  a cco rd in g  to  th e  s u i t a b i l i t y  (s tr o n g  
or weak-m utual i n t e g r i t y , . . . )  o f  the ch osen  p r o to c o l.
( i i )  a way to  e x p r e ss  sy n c h r o n iz a t io n  p r o to c o ls  c l e a r ly  such th a t  the  
e f f e c t s  o f  f a i l u r e s  are fo rm a lly  s p e c i f i e d  (POPE79).
( i i i )  a b a s is  from which SIMPLE ( v i s u a l i s a b l e )  and RIGOROUS p r o o fs  o f  
c o r r e c tn e s s  can be in fe r r e d .
( i v )  a g lo b a l a r c h it e c t u r e  fo r  a d is tr ib u t e d -d a t a - b a s e  i n t e g r i t y  
system ; a s y n c h r o n iz a t io n  p r o to c o l corresp on d s to  a fu n c t io n a l  
la y e r  w ith  a c le a r  mapping to  a lo c a l  DBMS and to  an END-to-END 
com m unication p r o t o c o l .
The form alism  i s  e x te n d a b le  to  the f u n c t io n a l - la y e r  s p e c i f i c a t io n  
o f  a data-base-m anagem ent system  (m odels and m an ip u la tion  la n ­
guages) and a com puter network ( e n t i t i e s  and p r o t o c o ls ) ;  our 
form alism  i s  n o t c o n s tr a in e d  to  sy n c h r o n iz a t io n  p r o to c o ls .
This r e p r e s e n ts  a s a l i e n t  fe a tu r e  o f  the ADT-based approach.
(v )  the e x p r e ss io n  o f  b a s ic  i n t e g r i t y  c o n c e p ts  (m utual in t e g r i t y  
theorem s; s e r i a l i z a t i o n ;  a t o m i c i t y , . . . ) .
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Those p o in t s  are not ad d resed  in  th e  o th er  e x i s t in g  p ro p o sa l made by 
ELLIS (E L L l77-b) ; ELLIS p ro p o ses  a form alism  based on L-SYSTEM fo r  h is  
p r o to co l ( in  a f a i l - s a f e  environm ent o n ly ) ;  the s p e c i f i c a t io n s  are v i s u a l -  
iz a b le  and s im p le ;  however th e  p r o o fs  are  very  com plex and dependent on the  
s i z e  o f  the netw ork (sm a ll p r e f e r a b ly ) .
There i s  an o th er  p r o p o sa l made by WILMS (WILM79-a) w ith  a form alism  
based on NUTT's networks b u t o n ly  con cern ed  w ith  the s p e c i f i c a t io n  a s p e c t .  
This a r t i c l e  p r e s e n ts  a new a p p l ic a t io n  o f  a b s tr a c t  d a ta  ty p e s ;  i t  aims a t  
d em on stra tin g  th a t  the ADT c o n cep t can be a p p lied  w ith  a good p r o f i t  to  a 
t y p ic a l  d is t r ib u t e d -d a t a - b a s e  problem .
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ANNEX 1
OBJECT
SORTS
OPS
VARS
SPECS
<EXTREQ
RECEIVE
S p e c i f i c a t i o n s  o f  THOMAS* p r o t o c o l  in  an OBJ- c l o s e  language
SYNC ( i t h  C o n t r o l l e r )
GES,LE,INT,BOOL,T,M, PR,LIST,QUEUE,GRS,LRS,CS
PREPAREG
SETG
UNSETG
ID
II X GES------------ i> GES
M X GES------------>GES
GES------------------- VGES
GES--------------------> GES
PR : INT < p r i o r i t y  (P R ,i)  w i l l  be n oted  Pi>  
i  : INT < c o n t r o l l e r  number>
STB: CS ; USTB : CS ;
P : GRS;A : GRS; R : GRS; : GRS;
OK : LRS;D : LRS; PS : LRS; RJ : LRS;
EXTREQ : M < the EXTREQ i s  b u i l t  by the  AP w ith  th e  BVTS
message>
UPD : M < the updata message i s  b r o a d c a s te d  to  each DBMP>
REJ : M < the REJECTION message>
We do n o t  c o n s id e r  the  m essages exchanged w ith  the AP 
PS# : INT Ccounter o f  pass  v o te s>
OK# : INT <counter  o f  Ok v o te s>
MJ : INT < m ajor ity  number>
DMPL : LIST < l i s t  o f  DBMPs which voted >
Q : QUEUE <queue o f  d e fer r e d  c o n f l i c t i n g  r e q u e s ts>
r e ce p t io n >
(EXTREQ, PRk, DBMPL, PS # ,  OK#,; (S T B ,A ,- ) , - ) :=ID(GRS)=P;ID(GES) = (S T B ,P ,-)
IF <curren t  base v a r ia b le s >
THEN PREPAREG( (EXTREQ, PRk, PS#,OK#), (STB, P , - ) ) ;
ELSE BROADCAST (REJ,PRk,DBMPL) ;
ID(LRS)=RJ; ID(GRS)=R; ID(GES)=(STB,R,RJ); 
UNSETG (REJ,PRk; (ST B ,R ,R J));
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RECEIVE (EXTREQ, PRk, DBMPL, P S / , ОК/; (S T B ,P ,-)  ,PRj) :=ID(GRS)=P;ID(GES) = (S T B ,P ,-)  ; 
IF < c u r r e n t  base v a r ia b le s >
THEN IF < c o n f l i c t i n g  updates>; < (B V 's)k  П ( U V 's ) j /0 >
THEN IF SUP (PRk,PRj) = TRUE
THEN ID(LRS) = D; ID(GES) = (STB,P,D);
ENQ (Q, (EXTREQ,PRk));
TRANSMIT (EXTREQ,PRk,DBMPL,PS/,OK/) ; WAIT (EXTREQyUPDyREJ,PRk);
ELSE IF TEST (PRk,PRj) = TRUE r e v o te
THEN PREPAREG ( (ESTREQ,PRk,-,OK/) , (STB,P , - )  ) ;
ELSE ID(LRS) = PS; INCR(PS/); APPEND (i,DBMPL);
IF TEST (PS/,M J) = TRUE
THEN ID(GRS) = R; ID(GES) = (STB,R,PS);
BROADCAST (REJ,PRk,DBMPL);
UNSETG ( (EXTREQ,PRk), (ST B ,R ,P S));
ELSE TRANSMIT (EXTREQ,PR,DBMPL, P S / ,O K /) ,
ENQ(Q,(EXTREQ,PRk)); WAIT (UPDvREJ,PRk);
ELSE PREPAREG((EXTREQ,PRk,PS/,OK/), ( S T B ,P , - ) ) ;
ELSE ID (LRS) = RJ; ID(GRS) = R; ID(GES) = (S T B ,R ,R j) ;
BROADCAST (REJ, PRk, DBMPL);
UNSETG ((EXTREQ, PRk), (STB, R ,R J));
RECEIVE (EXTREQ,PRk,DBMPL,PS/,OK/); (STBvUSTAB.A,-),PRJ):=ID(LRS)=RJ;
ID(GES)=(STBvUST,R,-) ID(GRS)=R;
BROADCAST (REJ,PRk,DBMPL) ;
UNSETG((EXTREQ,PRk); (STBvUSTB,R,RJ)) ;
<UPD r e c e p t io n >
RECEIVE ( U P D , P R k , ( S T B , A v P , - ) , P R j ) : =
IF TEST (GRS,A) = TRUE
THEN PREPAREL(LE) ; <the DBMP d id  n o t  p a r t i c i p a t e  in  the v o t in g >  
ELSE (DEQ(Q,(EXTREQ,PRk)); IF T est  (PRj, PRk)=FALSE THEN (ID(GRS)=R;
UNSETG( (EXTREQ, PRj) , ( STB, R, - ) ) ) ;
ID (GRS) = A; ID(GES) = (S T B ,A ,- );
SETG(UPD,(STB,A,-)) ;)
LOOP WHILE EMPTY ? (Q) = FALSE
DEQ (Q, (EXTREQ,PRi) ) ; ID(GRS)=R; ID(GES) = (STB,R,’~) ;
UNSETG( (EXTREQ,PRi) , ( S T B ,R , - ) ) ; < a l l  c o n f l i c t i n g  t r a n s a c t io n s
are r e je c te d >
ENDLOOP
<REJ r e c e p t io n >
RECEIVE ( R E J , P R k , ( S T B , P , - ) , P R k )  : =
ID(GRS) = R; ID(GES) = ( S T B ,R , - ) ;
UNSETG (R E J,PR k;(STB,R ,-)) ;
IF EMPTY? (Q) = FALSE
THEN WAIT (EXTREQ,PRj) ;  < fo r  r ev o te>
<This s e t  o f  o p e r a t io n s  w i l l  be r e fe r r e d  in  the diagrams as  
REJECT>
PREPAREG( (EXTREQ,PRk,PS?4, ОК?£) , ( S T B ,P , - ) ) :=INCR(OK?í) ;ID(LRS)=OK;APPEND(i,DBMPL)
ID(GRS) = P; PREPAREL(LE);
IF TEST (OK?4, Mi) = TRUE
THEN ID(GRS) = A; ID(GES) = (STB,A,OK);
BROADCAST(UPD,PRk,ALL);
SETG (UPD,PRk;(STB,A,OK)) ;
ELSE TRANSMIT (EXTREQ, PRk, DBMPL, PS?4, OK?4) ;
ENQ(Q,(EXTREQ,PRk); WAIT (UPDvREJ,PRk);
SETG(UPD,PRk,(STB,-,-):= SETL(LE<PROCESS(T), . . . > ;  ID(CS)=USTB; ID(GRS)=A;
ID(GES) = (U S T B ,A ,-);
UNSETG( - , - , ; (U ST B,A ,-)) ;
UNSETG(,- , - ; ( - , - ) )  : = UNSETL(LE); ID(CS) = STB; ID(GRS)=A; ID(GES)=(STB,A, - ) ;
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N otes:  ( i )  r e c e iv e d  m essages  are ign ored  in  o th e r  c o n f ig u r a t io n s
( i n  f a c t  th ey  c o u ld  be t r e a t e d  l i k e  e r r o r  c o n d i t io n s )
( i i )  We do not c o n s id e r  l o c a l  t e s t s  made on c u r r e n t  BVs b e fo r e  
l o c a l  update i s  perform ed; th e se  t e s t s  are  r e la t e d  to  
r o b u s t n e s s .
( i i i )  BROADCAST i s  h e r e  e q u iv a le n t  to  TRANSMIT [ ( n - i )  m essages]  
The REj m essage i s  b road casted  to  the DBMP's which v o ted  
(whose i d e n t i f i c a t i o n  i s  in  DBMPL) w h ile  the  UPD message  
i s  broadcasted  to  ev ery  concerned DBMP.
Note : [Mi] : m essage a t ta c h e d  to  t r a n s a c t io n  Ti
j*"*1 ( c o n t r o l l e r  
which v o ted  
OK on Tj (OKj) 
w ith o u t  o b ta in ­
in g  the consen­
sus
к1"'1 ( c o n t r o l l e r  
which v o te d  OK 
on Tj w ith ou t  
o b ta in in g  the  
con sen su s  and 
r e c e iv e d  
EXTREQ (T j))
1 ( c o n t r o l l e r  
which v o ted  OK 
on Tj and 
obt a i n s t  the  
con sen su s)
n ^  ( c o n tr o l  1er  
which v o ted  OK 
on Ti (OKi) and 
r e c e iv e d  
EXTREQ(Tj))
nt 1^( c o n t r o l l e r  
which d id  not  
v o te  y e t )
(STB ,A ,-)  ™ pAg g g i *(STB,P,OKj) SETGj y(USTB,A,j) Ш5ЕТ^  »(STB ,A ,-)
F i g . 4 .  Diagram commutations c o rresp o n d in g  to  the c a s e s  where T.
g e t s  a m a jo r ity  c on sen su s  on OKj ( v o te s  OK a s s c i a t e d  J 
w ith  Tj)
Note : Ti i s  r e j e c t e d  when 
Tj i s  accep ted
ANNEX 
2; 
A
n
alysis 
of 
com
m
utations 
for 
THOM
AS' 
p
rotocol 
in
 a con
cu
rren
cy 
co
n
flict 
environm
ent
STB, P, D i ) . . . ( О
j t h ( c o n t r o l l e r  which  
v o te d  OK in  Tj (OKj) 
w ith o u t  o b ta in in g  
the  con sen su s  and 
r e c e iv e d  EXTREQi) ( S U M , - )  PREPAREGj -
k t h ( c o n t r o l l e r )  
which v o ted  
OK on Ti (OKi) 
and r e c e iv e d  
EXTREQi)
1 t h ( c o n t r o l l e r )  
which vo ted  
OK on Ti (OKi) and 
r e c e iv e d  EXTREQj 
w ith  a consensus  
on PASS v o t e s )
mth ( c o n t r o l l e r  
which v o ted  OK on 
Ti (OKi))
[EXTREQi]
-X  STB, p  ^OKj ) REJE(:Tj---- K ST B ,R ,-)- UNSETGj
«0 Ф1
(STB ,P ,PSj) REJECTj---- >(STB,R,-)----- Ш5ЕТС^
[EXTREQj]
(STB,A,-)'~J£8SE£££Si*XSTB,P,0Ki) . . .  (1 ) <PJ
Ф1
Ф
n t h ( c o n t r o l 1er  
which d id  not v o te  (STB, Л, - ) . . . ( 1 )  
y e t
-*(ST B,A ,j)  
->(STB,A, j )
(ST B ,P ,P Sj)-  PS -^--- ^ —>(STB,R,Rj) — SETGJ--------- >(STB ,A ,j)
Notes : (1) As soon as m a jo r i ty  con sen su s  i s  o b ta in ed  on OK v o t e s  f o r  T i ,  we s h a l l  g e t  the  
same diagram commutations as in  the a s s e r t i o n  1.
(2) Here we in trod u ced  the morphism: ( S T B ,R , - ) - ^ i ^ iL - ( S T B ,R , - )  corresp on d in g  to  the  
REJ m essage .
F igure  5 .  Diagram commutations c o rresp o n d in g  to  the  c a se  where Tj g e t s  a m a jo r i ty  consensus  
on PSj (Pass v o t e s  a s s o c i a t e d  w ith  Tj ) .
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összefoglalás
Az irodalom kiteijedten foglalkozik osztott adatbázisok szinkronizációs problémáival 
és sok szinkronizációs protokolt terveztek már. A cikkben absztrakt adattípusokon (algeb­
rai módszeren) alapuló formális megközelítést mutatunk be és kidolgozunk egy egységes 
módszert a szinkronizációs protokolok leírására és ellenőrzésére. Az eredményeinket egy 
alapvető protokolon mutatjuk be, amely a megoldások egy széles osztályát reprezentálja.
Р Е З Ю М Е
Ф о р м а л ь н о е  о п и с а н и е  с и н х р о н и з а ц и и  р а з д е л ь н ы х  б а з  д а н н ы х
В л и т е р а т у р е  обш ирн о и з л а г а ю т с я  с и н х р о н и з а ц и о н н ы е  з а д а ч и  
р а з д е л е н н ы х  б а з  д а н н ы х .  М н о г о ч и с л е н н ы е  п р о т о к о л ы  были п р о е к т и ­
р о в а н ы . В н а с т о я щ е й  р а б о т е  п р е д л а г а е т с я  формальны й п о д х о д ,  
о с н о в а н н ы й  на  а б с т р а к т н ы х  т и п а х  д а н н ы х  / н а  а л г е б р а и ч е с к о м  м е ­
т о д е /  и р а з р а б а т ы в а е т с я  едины й м е т о д  д л я  о п и с а н и я  и п р о в е р к и  
с и н х р о н и з а ц и о н н ы х  п р о т о к о л о в .  Р е з у л ь т а т ы  и л л ю с т р и р у ю т с я  о с н о в ­
ным п р о т о к о л о м ,  п р е д с т а в л я ю щ и м  ш ирокий к л а с с  р е ш е н и й .
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1 . INTRODUCTION
In  t h e  l a s t  few  y e a r s  v e r y  h ig h  r e s e a r c h  e f f o r t  h a s  b een  
d e v o t e d  t o  t h e  d e v e lo p m e n t  o f  new c o n c u r r e n c y  c o n t r o l  a l g o ­
r i t h m s  .
The g o a l  o f  c o n c u r r e n c y  c o n t r o l  i s  t o  e n s u r e  d a t a b a s e  
c o n s i s t e n c y  d e s p i t e  o f  p a r a l e l  d a t a b a s e  a c c e s s e s .  The p ro b lem  
i s  p r e s e n t e d  b y  an e x a m p le :
The d a t a b a s e  i s  com posed o f  t h r e e  r e c o r d s  A ,B ,C .
The c o n s i s t e n c y  c r i t e r i a  i s  A=B+C.
T here  a r e  tw o a c c e s s e s  a c c e s s l  and a c c e s s 2 .  
a c c e s s l :  A=A+1, B=B+1
b u i l t  up from  t h e  f o l l o w i n g  s t e p s  
a l / r e a d  A 
Ы /  w r i t e  A 
c l /  r e a d  В 
d l /  w r i t e  В 
a c c e s s 2 :  B = B -1 , C=C+1
b u i l t  up from  t h e  f o l l o w i n g  s t e p s  
a 2 / r e a d  В 
Ь 2 /  w r i t e  В 
c 2 / r e a d  C 
d 2 / w r i t e  C
In  s p i t e  o f  t h a t  e a c h  a c c e s s  e x e c u t e d  a l o n e ,  p r e s e r v e s  
d a t a b a s e  c o n s i s t e n c y  b u t ,  t h e  n e x t  p a r a l q l  e x e c u t i o n  f o r  
ex a m p le  w i l l  d e s t o r y  t h a t :  a l ,  b l ,  a 2 ,  c l ,  d l ,  b 2 ,  c 2 ,  d 2 .
The c o n c u r r e n c y  c o n t r o l  a l g o r i t h m  d e a l  o n ly  w i t h  t h o s e  
a c c e s s e s  w h ic h  e x e c u t e d  a l o n e  p r e s e r v e  d a t a b a s e  c o n s i s t e n c y .  
T h e se  a c c e s s e s  a r e  c a l l a e d  t r a n s a c t i o n s .  The s t e p  o f  a t r a n s ­
a c t i o n  i s  an a c c e s s  t o  a d a t a b a s e  e l e m e n t  (a  read  o r  a  w r i t e ) .
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The s e q u e n c e  o f  t r a n s a c t i o n  s t e p s  b u i l t  up from  t h e  s t e p s  o f  
a g iv e n  t r a n s a c t i o n  s e t  i s  c a l l e d  a l o g .  Some l o g s  p r e s e r v e  
d a t a b a s e  c o n s i s t e n c y  w h i l e  o t h e r s  do n o t .  The t a s k  o f  c o n ­
c u r r e n c y  c o n t r o l  i s  t o  a v o i d  t h e  e x e c u t i o n  o f  t h o s e  l o g s  w h ich  
d e s t r o y  c o n s i s t e n c y .
A l g o r i t h m s  can  b e  c l a s s i f i e d  w i t h  r e s p e c t  t o  t h e  
p e r m i t t e d  l o g s .  A lg o r i t h m s  w h ich  r e s u l t  in  n o t  s t r i c t l y  
s e r i a l  l o g s  ( l o g s  i n  w h ic h  t h e  s t e p s  o f  a t r a n s a c t i o n  a r e  s i d e  
by s i d e )  a r e  q u i t e  s o p h i s t i c a t e d  and a lw a y s  n e e d  some p r e l i m i ­
n a ry  i n f o r m a t i o n  a b o u t  t h e  t r a n s a c t i o n s .  A t y p i c a l  e x a m p le  o f  
t h i s  t y p e  i s  t h e  a l g o r i t h m  o f  SDD-1 [ 1 , 2 , 7 ] .
To a c h i e v e  a s t r i c t l y  s e r i a l  l o g  seem s t o  b e  a v e r y  
s im p le  t a s k .  What i t  o n l y  n e e d s  i s  t o  lo c k  t h e  d a t a b a s e  
e le m e n t s  w h ic h  a r e  t o  b e  a c c e s s e d ,  b e f o r e  t h e  e x e c u t i o n  o f  a 
t r a n s a c t i o n .  Here we n o t e  t h a t  t h e  term  s t r i c t l y  s e r i a l  l o g  
o f t e n  m eans i t  i s  s t r i c t l y  s e r i a l  o n l y  w i t h  r e s p e c t  t o  t h e  
c o n f l i c t i n g  t r a n s a c t i o n s  (tw o t r a n s a c t i o n s  a r e  s a i d  t o  b e  
c o n f l i c t i n g  i f  on e  o f  them  r e a d s  o r  w r i t e s  a d a t a  e l e m e n t  
w h ich  i s  t o  b e  w r i t t e n  b y  t h e  o t h e r  o n e ) .  Some d i s t r i b u t e d  
m ethods h a v e  b e e n  d e v e l o p e d  t o  s o l v e  t h e  p r o b le m  o f  m u tu a l  
e x c l u s i o n ,  i . e .  A g ra w a la  [ 4 ] ,  E.  Chang [ 5 ] ,  b u t  g e n e r a l l y  
t h e  c o n c u r r e n c y  c o n t r o l  a l g o r i t h m s  do n o t  u s e  th em . The 
r e a s o n  i s  t h e  f a c t  t h a t  t h e y  i n c r e a s e  th e  number o f  m e s s a g e s  
n eed ed  t o  e x e c u t e  a t r a n s a c t i o n .
M ost c o n c u r r e n c y  c o n t r o l  m e th o d s  a re  o p t i m i s t i c .  I s s u i n g  
t h e  t r a n s a c t i o n ,  t h e y  assu m e t h a t  t h e  s y s te m  d o e s  n o t  c o n t a i n  
any c o n f l i c t i n g  t r a n s a c t i o n s .  I f  i n  s p i t e  o f  t h i s  e x p e c t a t i o n  
t h e r e  i s  a  c o n f l i c t  t h e n  t h e  a l g o r i t h m  e n s u r e s  t h a t  t h e r e  i s  
a t  l e a s t  o n e  nod e  w h ere  t h e  c o n f l i c t i n g  t r a n s a c t i o n  m e e t .  T h is  
m e e t in g  r e s u l t s  i n  s u s p e n d in g  o n e  o f  t h e  t r a n s a c t i o n s .  T h is  
s u s p e n s i o n  e i t h e r  means w a i t i n g  f o r  t h e  end o f  t h e  o t h e r  on e  
o r  c a u s e s  t h e  d e a th  o f  t h e  s u s p e n d e d  t r a n s a c t i o n  (w h ich  s h o u ld  
be r o l l e d  b a c k  and s t a r t e d  a g a i n ) .  I f  s u f f i c i a n t l y  g r e a t  
number o f  n o d e s  ( n o t  n e c e s s a r i l y  a l l )  w i t h  d a t a  e l e m e n t  w r i t t e n  
by t h e  t r a n s a c t i o n  h a s  b e e n  v i s i t e d  th e n  t h e  s o  c a l l e d  s y n c h -
I l l
r o n i z a t i o n  p h a s e  i s  t e r m i n a t e d .  The number o f  n o d es  r e q u i r e d  
t o  a c h i e v e  s y n c h r o n i z a t i o n  d e p e n d s  on t h e  c o n c u r r e n c y  c o n t r o l  
a l g o r i t h m  w h ic h  h a s  b e e n  u s e d .  We m ig h t  s a y ,  a t r a n s a c t i o n  
m ust v i s i t  a s  many n o d e s  a s  n e c e s s a r y  t o  m e e t  a l l  t h e  p o s s i b l e  
c o n f l i c t i n g  t r a n s a c t i o n s .  I f  c o n c u r r e n c y  c o n t r o l  w o rk s  c o r r e c t  
l y  t h e n  on e  and o n l y  o n e  o f  t h e  c o n c u r r e n t  t r a n s a c t i o n s  can  
f i n i s h  i t s  s y n c h r o n i z a t i o n  p h a s e .  As a r e s u l t  o f  t h i s  c o n c u r ­
r e n c y  d e t e r m i n a t i o n  m eth o d , t h e  n o d e s  s h o u l d  n o t  e x e c u t e  t h e  
u p d a t e s  o f  a t r a n s a c t i o n  u n t i l  i t s  s y n c h r o n i z a t i o n  p h a s e  i s  
t e r m i n a t e d .  The n o d e s  a r e  in fo r m e d  a b o u t  t h e  t e r m i n a t i o n  o f  
t h e  s y n c h r o n i z a t i o n  b y  a m e s s a g e .  T h is  m e s sa g e  i s  o f t e n  c a l l e d  
c o n f i r m a t i o n .
T here  a r e  many m eth od s  known from  t h e  l i t e r a t u r e  w h ich
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r e a l l y  r e s u l t  i n  s e r i a l  l o g s  i . e .  Thomas [ 8 ] ,  R o se n k r a n tz  e t .  
a l .  [ 6 ] .  They d i f f e r  i n  t h e  s o l u t i o n  o f  s y n c h r o n i z a t i o n ,  b u t  
c o n f i r m a t i o n  i s  r e s o l v e d  a lw a y s  by  m e s s a g e s .
The a l g o r i t h m  d e s c r i b e d  i n  t h i s  p a p e r  h a s  a d i f f e r e n t  
s o l u t i o n  f o r  t h e  r e a l i z a t i o n  o f  c o n f i r m a t i o n .  I t  u s e s  t i m i n g  
i n s t e a d  o f  m e s s a g e s .  In  c a s e  o f  r e l i a b l e  n e tw o r k ,  i n  t h i s  w ay, 
a t r a n s a c t i o n  c a n  b e  e x e c u t e d  w i t h  m in im a l  number o f  m e s s a g e s .
2 .  ENVIRONMENT CONDITIONS
The c o n d i t i o n s  o u r  a l g o r i t h m  w orks among a r e  q u i t e  s t r o n g  
b u t  t h e  m eth od s  a p p l i e d  a r e  v e r y  s i m p l e .  L a t e r  i t  w i l l  b e  
shown how t h e  c o n d i t i o n s  can  b e  w ea k en ed  o r  ev en  l e f t  o u t  
w h i l e  a d d in g  new f e a t u r e s  t o  t h e  a l g o r i t h m .
C o n d i t i o n s  :
1 /  f u l l y  d u p l i c a t e d  d a t a b a s e .
2 /  A c l o c k  t o  e v e r y  n o d e .  I f  t h e  c l o c k  in  node i  show s  
C ^ ( t )  a t  t h e  moment t_ t h e n
V C . ( t ) = C . ( t )
i , j  1 J
3 /  The t r a n s a c t i o n s  m ust b e  m o m e n t - l i k e .  T h is  m eans t h a t  
t h e  t im e  o f  t h e  f i r s t  r e a d  and l a s t  w r i t e  m u st  b e  a t  
t h e  same i n s t a n t .
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4 /  The n e tw o r k ,  u s e d  by t h e  d a t a b a s e  s h o u l d  b e  r e l i a b l e .  
T h i s  means t h a t  e v e r y  n o d e  a lw a y s  w o rk s  c o r r e c t l y  and 
e a c h  node ca n  h a v e  a c c e s s  t o  a l l  o t h e r  n o d e s .
5 /  A t im e  i n t e r v a l  т can  b e  d e f i n e d  i n  t h e  n e tw o r k  s o  
t h a t  f o r  e v e r y  p a i r  o f  n o d e s  t h e  t r a n s m i s s i o n  t im e  o f  
a m e s s a g e  from  o n e  nod e  t o  a n o t h e r  i s  a lw a y s  l e s s  th a n
T .
3 .  THE PRINCIPLE OF THE ALGORITHM
I n d e p e n d e n t l y  from  t h e  c o n c r e t e  c o n c u r r e n c y  c o n t r o l  
m ethod, t o  e x e c u t e  a t r a n s a c t i o n  t h e  minimum o f  on e  m e s sa g e  
p er  node i s  n e c e s s a r y .  The t im e  o f  a m essa g e  e x c h a n g e  d e p e n d s  
on t h e  p a r t i c i p a n t  n o d e s ,  t h e  t y p e  o f  m essa g e  fo r w a r d in g  
( b r o a d c a s t ,  d a i s y - c h a i n ) ,  t h e  s t a t e  o f  t h e  n e tw o r k  e t c .  T here  
i s  no c o n c u r r e n c y  c o n t r o l  a l g o r i t h m  w h ich  p r o v i d e s  m in im a l  
e x e c u t i o n  t im e  f o r  e v e r y  t r a n s a c t i o n  on any n e tw o r k  a t  any  
t im e .  An o p t i m a l  a l g o r i t h m  m ust b e  c o n s t r u c t e d  i n  a way t h a t  
p e r m it s  an  o p t i m a l  i m p l e m e n t a t i o n ,  t h a t  i s  t h e  e x e c u t i o n  o f  a 
t r a n s a c t i o n  s h o u ld  n e e d  a t  m ost o n e  m essa g e  p e r  node and  
s h o u ld  n o t  c o n s t r a i n t  t h e  c h o i c e  o f  t h e  m e s s a g e  f o r w a r d in g  
m eth od .
For a l g o r i t h m s  w h ic h  work b y  l o c k i n g  a l l  t h e  d a t a b a s e  
e le m e n t s  a c c e s s e d  b y  a t r a n s a c t i o n ,  a s u f f i c i a n t  c o n d i t i o n  
t o  a c h i e v e  t h i s  l o c k i n g  i s  t h a t  t h e  s y s te m  e x e c u t e s  o n l y  t h o s e  
t r a n s a c t i o n s  w h ich  a r e  i s s u e d  a t  a moment when no c o n f l i c t i n g  
t r a n s a c t i o n  i s  u n d er  e x e c u t i o n .  To d e c i d e  w h e t h e r  t h e r e  a r e  
t r a n s a c t i o n s  u n d er  e x e c u t i o n  c o n f l i c t i n g  w i t h  t h e  t r a n s a c t i o n  
t o  be i s s u e d ,  t h e  s y s t e m  h a s  e i t h e r  t o  w a i t  u n t i l  t h e  e f f e c t  
o f  c o n f l i c t i n g  t r a n s a c t i o n s  a r r i v e  a t  th e  n o d e  w here  t h e  
t r a n s a c t i o n  i s  t o  b e  i s s u e d  o r  t o  s e n d  i n q u i r e s  a b o u t  t r a n s ­
a c t i o n s  t o  e v e r y  n o d e .  I f  we a r e  t o  a c h i e v e  an o p t im a l  s o l u ­
t i o n  t h e n  t h e  fo rm er  p o s s e b i l i t y  i s  t h e  b e t t e r  c h o i c e .  The 
s y s te m  h a s  t o  w a i t  b e f o r e  i n i t i a t i n g  a t r a n s a c t i o n  a s  l o n g  a s  
a m e ssa g e  n e e d s ,  i n  w o r s t  c a s e ,  t o  a r r i v e  from  t h e  f a r t h e s t  
node i n  t i m e  a t  t h e  n od e  w here  t h e  t r a n s a c t i o n  i s  t o  b e  i n i ­
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t i a t e d .  T h i s  t i m e  i s  n o t  m ore t h a n  t , d e f i n e d  among t h e  c o n ­
d i t i o n s  .
An a l g o r i t h m  i s  t o  b e  c o n s t r u c t e d  t h a t  m a t c h e s  t h e  a b o v e  
m e n t i o n e d  c o n s i d e r a t i o n s .  T h i s  a l g o r i t h m ,  i n  o r d e r  t o  e x e c u t e  
a t r a n s a c t i o n
a /  s e n d s  o n l y  o n e  m e s s a g e  t o  a n o d e
b / w i t h  a r b i t r a r y  mode o f  m e s s a g e  t r a n s f e r r i n g ,  w h i l e
с /  t h e  t im e  i n t e r v a l  b e t w e e n  tw o c o n f l i c t i n g  
t r a n s a c t i o n s  i s  a t  l e a s t  t .
The e x e c u t i o n  h i s t o r y  o f  t h e  t r a n s a c t i o n s  r e p r e s e n t e d  on  
a t i m e  a x i s  w i l l  l o o k  l i k e  t h i s :
S t S t St
V — у «*...............
à t St
T. i s  t h e  i s s u e  an dl
T* i s  t h e  e x e c u t i o n  t i m e
To f u l f i l  c o n d i t i o n  a /  t h e  c o n f i r m a t i o n  c a n  n o t  b e  d on e  
b y  e x p l i c i t  m e s s a g e s  b u t  c a n  b e  d o n e  i . e .  b y  t i m i n g .  T h i s  
t i m i n g  i s  s t a r t e d  a t  e v e r y  n o d e  t h a t  r e c e i v e s  a s y n c h r o n i z a ­
t i o n  m e s s a g e .
To e x e c u t e  a t r a n s a c t i o n  b o t h  o f  t h e  f o l l o w i n g  c o n d i t i o n s  
m u st  h o l d :
C l:  E v e r y  n o d e  i n  t h e  n e t w o r k  i s  n o t i c e d  o f  t h e  t r a n s a c t i o n .
C2: A t  t h e  t i m e  when t h e  t r a n s a c t i o n  i s  i s s u e d  t h e r e  a r e  no  
c o n f l i c t i n g  t r a n s a c t i o n  u n d e r  e x e c u t i o n .
I f  t h e  n o d e  w h e r e  t h e  t r a n s a c t i o n  i s  i n i t i a t e d ,  d i s t r i b u t e s  
t h e  d e s c r i p t i o n  o f  t h e  t r a n s a c t i o n  s i m u l t a n e o u s l y  w i t h  i s s u e
t i m e  (T ) t h e n  Cl i s  f u l f i l l e d  a t  t h e  l a t e s t  T + t . H o w e v e r ,  a tm m
t i m e  T +T c o n d i t i o n  C2 i s  a l s o  h o l d  b e c a u s e  t r a n s a c t i o n sm
c o n f l i c t i n g  T had  t o  b e  i s s u e d  i n  t h e  i n t e r v a l  T - t , T t h u s  m m m
t h e y  a r r i v e d  a t  e a c h  n o d e  t i l l  T + t .
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To a v o i d  c o n c u r r e n c y  l e t  t h e  s t r a t e g y  b e  t h e  a b o r t i n g  and  
r e s t a r t i n g  o f  t h e  t r a n s a c t i o n  i s s u e d  l a t e r .
Each n o d e  c a n  c h e c k  t h e  c o n c u r r e n c y  i n d e p e n d e n t l y  fr o m
o t h e r s .  T h a t  i s ,  i f  a n o d e  d i d  n o t  r e c e i v e  a n y  t r a n s a c t i o n
u n t i l  T +T t h a t  w as c o n c u r r e n t  w i t h  t h e  t r a n s a c t i o n  i s s u e d  a t  
m
T t h e n  c o n d i t i o n s ,  C l ,  C2 a r e  h o l d  an d  t h e  t r a n s a c t i o n  o f  T m m
c a n  b e  e x e c u t e d .
W ith  t h e  t e r m i n o l o g y  u s e d  h e r e t o f o r e ,  f o r  a t r a n s a c t i o n  
i s s u e d  a t  Tm, t h e  s y n c h r o n i z a t i o n  w i l l  b e  f i n i s h e d  a t  Tm+r 
and t h e  c o n f i r m a t i o n  i s  t h e  t e r m i n a t i o n  o f  t i m i n g  т s t a r t e d
4 .  THE IMPLEMENTATION OF THE ALGORITHM
The i s s u i n g  n o d e  a s s i g n s  a t im e s t a m p  ( t h e  v a l u e  o f  t h e  
l o c a l  c l o c k  a t  t h e  l o c a l  v i r t u a l  e x e c u t i o n  o f  t h e  t r a n s a c t i o n )  
t o  t h e  t r a n s a c t i o n .  F o l l o w i n g  t h i s  t h e  t r a n s a c t i o n  i s  c o m p a r e d ,  
i n  t h e  sam e w ay  a s  d e s c r i b e d  f o r  an a r b i t r a r y -  n o d e  l a t e r ,  w i t h  
t h e  o u t s t a n d i n g  o n e s  w h a t  h a v e  b e e n  r e c e i v e d  b y  t h e  n o d e .  I f  
t h e  t r a n s a c t i o n  h a s  n o t  b e e n  a b o r t e d  ( a t  t h e  i s s u i n g  n o d e )  
t h e n  i t  i s  d i s t r i b u t e d  i n  t h e  n e t w o r k  ( t i m e s t a m p  w h ic h  i s  t h e  
i d e n t i f i e r ,  t h e  r e a d  o r  w r i t t e n  d a t a  e l e m e n t s ) .
The e v e n t s  o f  t h e  s y s t e m  a r e :  t h e  t e r m i n a t i o n  o f  a t i m i n g ,  
and  t h e  r e c e p t i o n  o f  a  t r a n s a c t i o n .
N ode a c t i o n s  t a k e n  a t  e v e n t s  :
А / r e c e i v i n g  t h e  d e s c r i p t i o n  o f  a t r a n s a c t i o n
1 /  I f  t h e  n o d e  d o e s  n o t  c o n t a i n  a n y  o u t s t a n d i n g  t r a n s a c t i o n  
c o n f l i c t i n g  w i t h  t h e  r e c e i v e d  o n e  t h e n  t h e  r e c e i v e d  w i l l
b e  o u t s t a n d i n g  an d  а  т - ( Т ,  -T  ) l o n g  t i m i n g  i s  s t a r t e d .n m
i s  t h e  l o c a l  t i m e  a t  r e c e i v i n g  t h e  t r a n s a c t i o n .  T h i s  
t i m i n g  w i l l  b e  r e f e r r e d  t o  a s  p r im a r y  t i m i n g .
2 /  I f  t h e  n o d e  c o n t a i n s  any  o u t s t a n d i n g  t r a n s a c t i o n  
c o n f l i c t i n g  w i t h  t h e  r e c e i v e d  o n e  t h e n
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i / i f  T <T (T i s  t h e  i s s u e  t i m e  o f  t h e  o u t s t a n d i n g
m w w
t r a n s a c t i o n )
t h e  t r a n s a c t i o n  t im e s t a m p e d  b y  i s  a b o r t e d  and
t h e  t r a n s a c t i o n  o f  T w i l l  b e  t r e a t e d  a s  d e s c r i b e d
m
i n  p o i n t  1 . ;
i i /  T + t >T >T t h e  t r a n s a c t i o n  o f  T i s  a b o r t e d  
w m w m
i i i /  T >T +T t h e  t r a n s a c t i o n  o f  T i s  t r e a t e d  a s  
m w m
d e s c r i b e d  i n  p o i n t  1 . .
В /  a p r im a r y  t i m i n g  i s  t e r m i n a t e d
The t r a n s a c t i o n  i n d i c a t e d  i n  t h e  t i m i n g  i s  e x e c u t e d  and an  
a u x i l a r y  t i m i n g  w i t h  i n t e r v a l  т i s  i n i t i a t e d .
C /  an  a u x i l a r y  t i m i n g  i s  t e r m i n a t e d
T he t r a n s a c t i o n  i n d i c a t e d  i n  t h e  t i m i n g  fr o m  t h i s  t i m e  
on w a rd  i s  n o t  o u t s t a n d i n g .
A t  f i r s t  s i g h t ,  a u x i l a r y  t i m i n g  s e e m s  t o  b e  u n n e c e s s a r y .
T hough  n o t  u n n e c e s s a r y ,  i t  i s  n o t  t h e  o n l y  s o l u t i o n  o f  t h e
n e x t  i m p l e m e n t a t i o n  p r o b le m :  e a c h  n o d e  a t  e v e r y  t i m e  i n s t a n t
T m u s t  h a v e  t h e  a b i l i t y  o f  c h e c k i n g  e v e r y  c o n f l i c t i o n  i t  h a s  
m
g o t  e n o u g h  i n f o r m a t i o n  f o r .  Two c o n f l i c t i n g  t r a n s a c t i o n s  ca n  
m e e t  a t  a n o d e  i n  s u c h  a w ay t h a t  t h e  o n e  i s s u e d  e a r l i e r  h a s  
b e e n  e x e c u t e d  w hen t h e  l a t e r  a r r i v e s .  T h e r e f o r e  t h e  t r a n s ­
a c t i o n s ,  h a v i n g  b e e n  e x e c u t e d ,  m u st  b e  r e s e r v e d  f o r  a t i m e  
i n t e r v a l  т .
5 .  MODIFICATIONS TO LEAVE OUT OR TO WEAKEN THE CONDITIONS
A. E l i m i n a t i n g  t h e  c o n d i t i o n  o f  m o m e n t - l i k e  t r a n s a c t i o n
I f  t h e  r e a d s  an d  w r i t e s  o f  t h e  t r a n s a c t i o n s  fo r m  a f i n i t e  
n o t z e r o  i n t e r v a l  t h e n  t h e  p r e v i o u s  t i m e  a x i s  r e p r e s e n t a t i o n  
s h o w s  t h e  f o l l o w i n g  p i c t u r e .  F o r  t h e  s a k e  o f  s i m p l i c i t y  t h e  
moment o f  e x e c u t i o n  i s  n o t  d i s p l a y e d .
ГП rp ГП rp rp rp
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The T . ,  i s  t h e  t i m e  o f  t h e  f i r s t  d a t a  a c c e s s  o f  t h e  
1 1
t r a n s a c t i o n  i  w h i l e  T . „ i s  t h e  m om ent when t h e  t r a n s a c t i o n  i s  
f i n i s h e d ,  t h a t  i s ,  f r o m  t h i s  t i m e  t h e  t r a n s a c t i o n  c a n  b e  
d i s t r i b u t e d .
T heorem  1 .
I f  T „ i s  r e g a r d e d  a s  i s s u e  t i m e  t h e n  u s i n g  T  „ i n s t e a d  
o f  Tm t h e  a c t i o n s  t o  b e  t a k e n  a t  e v e n t s  r e m a in  u n c h a n g e d  
s u p p o s i n g  t h a t  C3 i s  h o l d i n g  a t  t h e  i s s u e  n o d e .
C3: a t r a n s a c t i o n  m i s  d i s t r i b u t e d  o n l y  i f  t h e  n o d e  d i d  n o t  
r e c e i v e  a n y  c o n f l i c t i n g  t r a n s a c t i o n  d u r i n g  T , Tm 2*
P r o o f
F o r  e v e r y  p a i r  o f  c o n f l i c t i n g  t r a n s a c t i o n s  i n  t h e  
n e tw o r k
1 . 1 < t - <T
i s  t r u e .  T h i s  i s  b e c a u s e  i f  T . „ - T . 0 > x  t h e n  t h e  n o d e ,  w h e r ei 2  j 2
i s  i n i t i a t e d ,  r e c e i v e d  t h e  t r a n s a c t i o n  i_ u n t i l  T . „ . In  t h i s  
c a s e  C3 e n s u r e s  t h a t  t r a n s a c t i o n  i s  n o t  d i s t r i b u t e d .  I t  
f o l l o w s  f r o m  1 . 1  t h a t
1 . 2 T . -T  . —-T . -T . S t
i 2 j  2 12 j  1
The c o n d i t i o n  p a r t  o f  t h i s  i m p l i c a t i o n  i s  t r u e  i f  t h e  a l g o ­
r i th m  : 
q . e . d .
i s  u s e d  w i t h  t h e  s u b s t i t u t i o n  T  = T  „m m2
B. E l i m i n a t i n g  t h e  c o n d i t i o n  o f  r e l i a b l e  n e t w o r k
I n s t e a d  o f  r e l i a b l i t y  e a c h  n o d e  i s  e x p e c t e d  t o  n o t i c e  
i n  p t i m e  t h e  f a i l u r e  o f  i t s  m e s s a g e .
L e t ' s  c o m p l e t e  t h e  a l g o r i t h m  w i t h  t h e  f o l l o w i n g  s u p p l e m e n t :
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S I :  i f  a n o d e  r e g o n i s e s  t h a t  i t s  m e s s a g e  ( c o n t a i n i n g  t h e
d e s c r i t p t i o n  o f  a t r a n s a c t i o n )  i s  u n d e l i v e r e d  t h e n  d i s t r i ­
b u t e s  an a b o r t  m e s s a g e .  A n o d e ,  h a v i n g  r e c e i v e d  an  a b o r t  
m e s s a g e s ,  d o e s  n o t  e x e c u t e  t h e  r e f e r r e d  t r a n s a c t i o n .
To e n s u r e  a p o s s i b l e  a b o r t  m e s s a g e  t o  a r r i v e  a t  e a c h  n o d e  
i n  t i m e ,  i n s t e a d  o f  т ,  t + p + t s h o u l d  b e  u s e d  e v e r y w h e r e  i n  t h e  
a l g o r i t h m .  W ith  t h i s  m o d i f i c a t i o n  t h e  n e x t  e x e c u t i o n  l o g  i s  
o b t a i n e d  :
à x  p
m e s s a g e  d i s t -  e r r o r  
r i b u t i o n  t i m e  r e c o g n i ­
t i o n  t i m e
T
a b o r t  m e s s a g e
d i s t r i b u t i o n
t i m e
In  s p i t e  o f  i n t r o d u c i n g  a b o r t  m e s s a g e s ,  t h e r e  may b e  
som e n o d e s  ( t h o s e  w h o s e  s e p a r a t i o n  fro m  t h e  n e t w o r k  h a p p e n s  
a f t e r  r e c e i v i n g  t h e  t r a n s a c t i o n  b u t  b e f o r e  i t s  c o r r e s p o n d i n g  
a b o r t  m e s s a g e  i s  o b t a i n e d )  w h i c h  e x e c u t e  t h e  t r a n s a c t i o n ,  
c a u s i n g  i n c o n s i s t e n c y .  S i n c e  - i n  c a s e  o f  n e t w o r k  f a i l u r e -  
t h e  i n c o n s i s t e n c y  i s  u n a v o i d a b l e ,  t h e  a l g o r i t h m  m u st  c o n t a i n
m e th o d s  t o  r e c o v e r  t h e  d a t a b a s e  a c c o r d i n g  t o  t h e  l a s t  p r o p e r  
s t a t e  ( t h e  s t a t e  r e s u l t e d  b y  t h e  l a s t  p r o p e r l y  e x e c u t e d  
t r a n s a c t i o n ) .
To s o l v e  t h e  p r o b le m  d i s c u s s e d  a b o v e  l e t ' s  ad d  t h e  f o l l o ­
w in g  s u p p l e m e n t s  t o  t h e  a l g o r i t h m :
S 2 : a n o d e  i n t e r r u p t s  i t s  w o rk  u n t i l  t h e  s y s t e m  i s  r e c o v e r e d  
i f  i t  r e c e i v e s  o r  g e n e r a t e s  an a b o r t  m e s s a g e .
S 3 :  f o r  e v e r y  n o d e ,  a l o g  i s  m a i n t a i n e d  c o n t a i n i n g  t h e  i d e n ­
t i f i e r s  o f  l o c a l l y  e x e c u t e d  t r a n s a c t i o n s .
S u p le m e n t  S2 e n s u r e s  e v e r y  n o d e  t o  s u s p e n d  i t s  w o rk  i n  
c a s e  o f  n e t w o r k  f a i l u r e  s o o n e r  o r  l a t e r .  O n ly  a n e w ly  a r i s e d  
n e t w o r k  f a i l u r e  c a n  p r e v e n t  t h e  d e l i v e r y  o f  an a b o r t  m e s s a g e  
t o  a n o d e  w h i c h  h a s  g o t  t h e  t r a n s a c t i o n  t o  b e  a b o r t e d .  T h i s  
m eans f o r  a n o d e  t h a t  t o  t h e  e x e c u t i o n  o f  e a c h  a b o r t e d  t r a n s ­
a c t i o n  b e l o n g s  a n e tw o r k  f a i l u r e .  T h i s  s e q u e n c e  o f  f a i l u r e s
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a p p r o a c h e s  t h e  n o d e  u n t i l ,  i n  t h e  w o r s t  c a s e ,  t h e  n o d e  d i s -  
c o v e r e s  t h e  f a i l u r e  i t s e l f .  The maximum num ber o f  t r a n s a c t i o n s  
a n od e  c a n  e x e c u t e  d u r i n g  t h e  i n t e r v a l  o f  n e t w o r k  f a i l u r e  an d  
i t s  r e c o g n i t i o n  ca n  b e  c a l c u l a t e d  f o r  e a c h  n o d e  fr o m  t h e  num­
b e r  o f  n o d e s  and fr o m  t h e  t o p o l o g y  o f  t h e  n e t w o r k .  L e t  К d e n o t e  
t h e  l a r g e s t  v a l u e  o f  t h e  a b o v e  c o u n t e d  m axim um s. B e c a u s e  e a c h  
f a i l u r e  w h i c h  p r e v e n t s  t h e  d e l i v e r y  o f  an a b o r t  m e s s a g e  s e p a ­
r a t e s  a t  l e a s t  o n e  n o d e  from  t h e  n e t w o r k ,  a t o p o l o g y  i n d e p e n ­
d e n t  u p p e r  b o u n d  f o r  К i s  e q u e a l  t o  n - 1 ,  w h e r e  n i s  t h e  num ber  
o f  n o d e s  i n  t h e  n e t w o r k .
S u p p l e m e n t  S3 i s  u s e d  d u r i n g  d a t a b a s e  r e c o v e r y .  I n  an  
e r r o r  f r e e  n e t w o r k  e v e r y  l o g  c o n t a i n s  t h e  sam e i d e n t i f i e r s .
L o g s  d i v e r g e ,  when - b e c a u s e  o f  f a i l u r e -  som e n o d e s  s t a r t  an  
i n d e p e n d e n t  l i f e  ( t h e y  e x e c u t e  t r a n s a c t i o n s  t h a t  w e r e  t o  b e  
a b o r t e d ) .  T h e r e  i s  a t  l e a s t  o n e  n o d e  w h ic h  d e t e c t e d  t h e  f i r s t  
f a i l u r e  o f  t h e  n e t w o r k .  The l o g  a n d  t h e  d a t a b a s e  o f  t h i s  n o d e  
a r e  c o r r e c t  an d  t h i s  l o g  w i l l  b e  a common s l i c e  o f  a l l  l o g s .  
A f t e r  s y s t e m  r e c o v e r y ,  t h i s  l o g  m u s t  b e  s e a r c h e d  and  on  t h e  
b a s i s  o f  t h e  d a t a b a s e  o f  t h e  sam e n o d e  t h e  w h o l e  d a t a b a s e  c a n  
b e  r e c o v e r e d .  The s u f f i c i a n t  l e n g t h  o f  t h e  l o g s  t o  b e  k e p t  a t  
t h e  n o d e s  f o r  t h e  a b o v e  s e a r c h  i s  K, w h i l e  l o g s  a r e  c i r c u l a r  
l i s t s  o f  t r a n s a c t i o n s  i n  e x e c u t i o n  o r d e r .
To u s e  t h e  a l g o r i t h m  i n  an  u n r e l i a b l e  n e t w o r k ,  t h e  
т=2т+р s u b s t i t u t i o n  c a n ' t  b e  l e f t  o u t .  The f u r t h e r  d i s c u s s i o n  
a b o v e  d e s c r i b e  o n l y  a  p o s s i b l e  e x t e n s i o n  o f  t h e  a l g o r i t h m  i n  
t h e  f i e l d  o f  u n r e l i a b l e  n e t w o r k s .  C e r t a i n l y ,  t h e r e  a r e  o t h e r  
s o l u t i o n s  o f  t h i s  p r o b le m  and t h e s e  c o n s i d e r a t i o n s  c a n  b e  u s e d  
t o  s o l v e  d i f f e r e n t  p r o b l e m s .
C. E l i m i n a t i n g  t h e  c o n d i t i o n  o f  f u l l y  s y n c h r o n i z e d  c l o c k s
I n s t e a d  o f  t h e  h y p o t e t i c a l  V C . ( t ) = C . ( t )  h e r e t o f o r e
i  > j 1
t h e  r e a l i z a b l e  V I C. ( t  ) -C . ( t ) I<e c o n d i t i o n  w i l l  b e  u s e d .
• * J
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B e c a u s e  o f  a s y n c h r o n o u s  c l o c k s  t h e  n o d e s  a r e n ' t  a b l e  t o  
d e t e r m i n e  t h e  e x a c t  t i m e  a t r a n s a c t i o n  h a s  s p e n t  i n  t h e  n e t ­
w o r k .  T h i s  t i m e  d e t e r m i n a t i o n  h a s  a t w o f o l d  r o l e :  f i r s t  t o  
e n s u r e  t h e  s i m u l t a n i o u s  e x e c u t i o n  o f  a t r a n s a c t i o n  a t  d i f f e r e n t  
n o d e s  s e c o n d l y ,  t o  b e  t h e  b a s e  o f  c o n c u r r e n c y  c h e c k i n g .  To 
m o d i f y  t h e  a l g o r i t h m ,  f i r s t  t h e  c l o c k  c o n d i t i o n s  s h o u l d  b e  
e x a c t l y  d e f i n e d .
C 4  : V 1 C .  ( t ) - C . ( t )  l < e
i . j  1 J
n
C 5  : E C . ( t ) / n = t  +  A
i  = l 1
W here Д i s  an  a d d i t i o n a l  f a c t o r  t o  t h e  r e a l  p h y s i c a l  
t i m e  an d  i t  i s  c o n s t a n t  i n  t h e  i n t e r v a l  o f  o u r  i n v e s t i g a t i o n  
( 2 - 3 x  ) .
A l t h o u g h ,  o n l y  t i m e  d i f f e r e n c e s  h a v e  r o l e  i n  t h e  a l g o ­
r i t h m ,  f o r  t h e  s a k e  o f  e x a c t n e s s  t , = t + A  i n s t e a d  o f  t  w i l l  be  
u s e d .
Theorem; 2 .
The d i f f e r e n c e  b e t w e e n  t h e  r e a l  p h y s i c a l  i s s u e  t i m e
( T  ) an d  t h e  t im e s t a m p  C ( T  ) o f  a t r a n s a c t i o n  i s  a t  m o s t  e .  m m m
T, e  m e
C ( T  ) m m
t  ’
P r o o f
A c c o r d i n g  t o  c o n d i t i o n  C 5 , t h e  r e a l  p h y s i c a l  t i m e  
a l w a y s  l i e s  b e t w e e n  t h e  minimum a n d  t h e  maximum o f  l o c a l  
t i m e s .  By C4 t h e  d i f f e r e n c e s  b e t w e e n  l o c a l  t i m e s  a t  a g i v e n  
moment a r e  l e s s  t h a n  e .  C o n s e q u e n t l y ,  t h e  l o c a l  t i m e  a t  any  
n o d e  h a s  a s m a l l e r  d i f f e r e n c e  fr o m  t h e  p h y s i c a l  t i m e  t h a n  e .
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T heorem  3
The d i f f e r e n c e s  b e t w e e n  t h e  l o c a l  e x e c u t i o n  t i m e s  o f  a 
t r a n s a c t i o n  a r e  n o t  m ore  t h a n  e .
P r o o f
L e t  t h e  t r a n s a c t i o n  a r r i v e  w i t h  t i m e s t a m p  C ( T  ) a t  n o d em m
i_ a t  p h y s i c a l  t im e  an d  a t  n o d e  a t  p h y s i c a l  t im e  T   ^ . The 
t i m i n g  s t a r t e d  a t  n o d e  i_ t e r m i n a t e s  a t :
t - [ C . ( T . ) - C  ( T  ) ] + T .  l  l  m m l
The t i m i n g  s t a r t e d  a t  n o d e  t e r m i n a t e s  a t  :
t - [ C . ( T  . ) - C  ( T  ) ] + T .
J J m m j
The a b s o l u t e  v a l u e  o f  t h e i r  d i f f e r e n c e s  i s :
I { T - [ C . ( T . ) - C  ( T  ) ] + T . } - { t - [ C . ( T . ) - C  ( T  ) ] + T  . } I =l i m m  l  j j m m  j
=  I C . ( T .  ) - C . ( T . ) + T . - T .  I =  I C . ( T .  ) - C  . ( T . + A t ) + T . + A t - T .  1 =1 1 J J J 1  1 1 J 1  X 1
=  I C .  ( T .  ) - C  . ( T .  ) - C . ( A t ) + / . + A t - / . I <  e
i l  J i  J 1 Л1
b e c a u s e  I C  ^ ( ) -C  . ( T_^  ) I <e and
f o r  t h e  t i m e  i n t e r v a l  A t  t h e  l o c a l  c l o c k s  may b e  r e g a r d e d
a s  f u l l y  s y n c h r o n i z e d ,  t h e r e f o r e
C . ( A t ) = A t  
J
q . e . d .
U s i n g  t h e  t h e o r e m s ,  t h e  t i m e  a x i s  r e p r e s e n t a t i o n  o f  a l o g  
show s t h e  f o l l o w i n g  p i c t u r e :
t h e  e x e c u t i o n  
o f  T a t  d i f -  
______________ f e r e f f t  n o d e s
C ( T  ) m m w
T 2
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The t i m e  r e p r e s e n t e d  b y  T1 m u st  b e  l o n g  e n o u g h  t o  e n s u r e ,  
f o r  e v e r y  n o d e ,  t h e  r e c e p t i o n  o f  t h e  t r a n s a c t i o n  o f  t h e  
t r a n s a c t i o n  o f  Tm an d  t h e  r e c e p t i o n  o f  a l l  c o n f l i c t i n g  t r a n s ­
a c t i o n s  t im e s t a m p e d  e a r l i e r  t h a n  T . I f  v a l u e  т+е i s  a s s i g n e d  
t o  T l , t h e n  t h e  t i m e  b e t w e e n  t h e  p h y s i c a l  i s s u e  t i m e  (T ) and  
t h e  f i r s t  l o c a l  e x e c u t i o n  i s  a t  l e a s t  t .
In  t h e  i n t e r v a l  s u c c e e d i n g  T l ,  t h e  d a t a b a s e  may b e  i n c o n ­
s i s t e n t .  B e c a u s e  o f  t h i s  p o s s i b l e  i n c o n s i s t e n c y ,  t h e  e x e c u t i o n  
o f  t r a n s a c t i o n s  c o n f l i c t i n g  w i t h  t h e  t r a n a c t i o n  o f  Tm i s  n o t  
p e r m i t t e d  i n  t h i s  i n t e r v a l .  C o n s e q u e n t l y ,  t h e  v a l u e  o f  T2 
s h o u l d  b e  a t  l e a s t  т + 2 е .
Summing up t h e  m o d i f i c a t i o n s  t o  b e  d o n e  i n  c a s e  o f  r e a l  
c l o c k s  :
a /  The t i m i n g  s h o u l d  b e  c h a n g e d  fr o m  т t o  т + е .
b /  In  t im e s t a m p  c o m p a r i s o n  т+2 е  s h o u l d  b e  u s e d  i n s t e a d
o f  T .
D. W e a k e n in g  t h e  c o n d i t i o n  o f  f u l l y  d u p l i c a t e d  d a t a b a s e
I n s t e a d  o f  t o t a l  d u p l i c a t i o n ,  t h e  f o l l o w i n g  c o n s t r a i n t  
w i l l  b e  u s e d :  t h e  i s s u i n g  n o d e  h a s  t o  c o n t a i n  t h e  w h o l e  r e a d -  
- s e t  o f  t h e  t r a n s a c t i o n .
The e x e c u t i o n  o f  a t r a n s a c t i o n  c a n  b e  c o m p l e t e d  w i t h i n  a  
n o d e ,  i f  t h e  n o d e  s a t i s f i e s  t h e  w e a k e n e d  c o n d i t i o n  w i t h  r e s ­
p e c t  t o  t h a t  t r a n s a c t i o n .  T h a t  i s ,  a  t r a n s a c t i o n  c a n  u p d a t e  
i t s  w h o l e  w r i t e - s e t  o n  t h e  b a s i s  o f  i t s  r e a d - s e t .  The d i s t r i ­
b u t i o n ,  s i m i l a r l y  t o  f u l l y  d u p l i c a t e d  d a t a b a s e s ,  s e r v e s  o n l y  
f o r  i n t r o d u c i n g  u p d a t e s  i n t o  t h e  l o c a l  d a t a b a s e s .  The n o d e s  
e x e c u t e  o n l y  t h e  p a r t  o f  a  t r a n s a c t i o n  w r i t e - s e t  t h a t  r e f e r s  
t o  i t s  own d a t a b a s e .  U n f o r t u n a t e l y  i t  i s  i m p o s s i b l e  to  r e d u c e  
t h e  num ber o f  m e s s a g e s  s i n c e ,  t o  h a v e  t h e  sam e d e c i s i o n  r e ­
s u l t s  on  c o n f l i c t i o n s , e v e r y  n o d e  m u st  b e  in f o r m e d  a b o u t  a l l  
m e s s a g e s .
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6 .  CONCLUSIONS
The s u g g e s t e d  a l g o r i t h m  h a s  som e d i s a d v a n t a g e s .  T h e s e  
a r e  t h e  r e s t r i c t e d  u s a g e  a r e a  an d  t h e  t i m i n g  t h a t  may c a u s e  
i m p l e m e n t a t i o n  d i f f i c u l t i e s .  On t h e  o t h e r  h a n d  t h e  a d v a n t a g e s  
o f  t h e  a l g o r i t h m  a r e  t h a t  t h e  e x e c u t i o n  o f  a t r a n s a c t i o n  
n e e d s  m i n i m a l  number o f  m e s s a g e s  an d  t h e  am ou n t o f  a u x i l i a r y  
i n f o r m a t i o n  ( w a i t i n g  l i s t s  o r  t h e  r e s e r v a t i o n  o f  t im e s t a m p s  
i n  t h e  d a t a b a s e  e t c . )  i s  r a t h e r  s m a l l .
We h a v e  some c o n c l u d i n g  r e m a r k s  r e l a t e d  t o  t i m i n g .  The  
m in im a l  t i m e ,  c a l c u l a t e d  fr o m  t h e  p a r a m t e r e s  o f  t h e  n e t w o r k ,  
d o e s  n o t  h a v e  t o  b e  u s e d  f o r  t h e  v a l u e  o f  t . W ith  i n c r e a s i n g  t , 
t h e  num ber o f  t r a n s a c t i o n s  e x e c u t e d  i n  t im e  u n i t  d e c r e a s e s ;  
b u t  on t h e  o n e  hand t h e  t i m i n g  c a n  b e  im p le m e n te d  m ore e a s i l y  
u s i n g  d i g i t a l  m e th o d s  a n d  on  t h e  o t h e r  hand  t h e  s h o r t  f a i l u r e s  
do n o t  r e s u l t  t h e  e x c e e d i n g  o f  т t h a t  s t o p s  t h e  s y s t e m  and  
n e e d s  r e c o v e r y .
O t h e r  dem ands o f  t h e  a l g o r i t h m  a r e  u s u a l l y  p r o v i d e d  b y  
modern s y s t e m s .  In  c o m p u t e r s  t h e  p r e c i o u s n e s s  o f  r e a l - t i m e
_7  __ о
c l o c k s  i s  i n  t h e  o r d e r  o f  10 , 10 . T h a t  i s ,  i t  i s  p o s s i b l e
t o  h o l d  t h e  c l o c k  c o n d i t i o n s  f o r  a l o n g  t im e  w i t h o u t  a n y  
s y n c h r o n i z a t i o n  e v e n  f o r  an  e  t h a t  i s  o n e  o r d e r  l e s s  t h a n  т . 
M o r e o v e r ,  t h e  c l o c k s  c a n  b e  s y n c h r o n i z e d  by  m e s s a g e s .  To 
d e t e r m i n e  t h e  p r e c i o u s n e s s  o f  s y n c h r o n i z a t i o n  t h e  r e s u l t s  o f  
L. L am p ort  [ 3 ]  ca n  b e  u s e d .
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összefoglalás
EGY ÚJ IDŐZÍTÉSEN ALAPULÓ ALGORITMUS AZ ELOSZTOTT ADATBÁZISOK 
KONKURRENS FELÚJÍTÁSAINAK VEZÉRLÉSÉRE
A dolgozat röviden ismerteti a duplikált elosztott adatbázisokon alkalmazott konkurrencia 
vezérlő algoritmusokat, majd megad egy új eljárást, amely a felújítások szinkronizálására 
üzenetek helyett időzízést alkalmaz. A módszer optimális az egy felújításhoz tartozó üzene­
tek számára nézve.
Об одном новом алгоритме в распределенных обработках данных
В настоящей работе занимаемся распределенной обработкой 
данных. Даем новый алгоритм для синхронизации конкретных про­
цессов. Наш алгоритм оптимально работает относительно мощности 
пакетов, которые необходимы для перепосылки информации.
MTA Számítástechnikai és Automatizálási Kutató Intézete, Közlemények 27/1982
THRO UG HP UT O P T I M I Z A T I O N  OF MULT I S T A G E t Q U E U E I N G
* )
SYSTEM S W I T H  F I N I T E  I N T E R M E D I A T E  ST ORAGE
A D A M  W O L I S Z  + ')
1 . In trod u ction  •
M u ltistage Queueing Systems /MQS/, th a t i s  such systems where 
every demand has to  be served co n secu tiv e ly , in a predefined  ord er, 
by se v e r a l serv ers r e c e iv e  r e c e n t ly  a l o t  of a t te n t io n , being an 
important to o l  fo r  m odelling se v era l k inds of in d u s tr ia l  system s.
For example such stru ctu re  have production l in e s  [6 ]  and computer 
communication system s П12] .
I f  s e r v ic e  tim es at d if fe r e n t  s ta g es  are not constant and equal then
a
unavoidably some queues form between co n secu tiv e  se r v e r s .In  r e a l i t y  
t h i s  queues are not allowed to  exceed some fix ed  v a lu e s  because o f  
storage f a c i l i t y  c o n s t r a in t s .I f ,  upon com pletion o f a service^no p la ce  
i s  a v a ila b le  in a con secu tive  b u ffer  fo r  d ep o sit in g  the demand 
in v o lv ed , t h is  very demand may perhaps be lo s t ,a n d  abandon the system  
never to  return  aga in .
The paper has been presented a t VI th Conference on Operating 
System s, hold at V isegrad, Hungary, in February 1980.
P o lish  Academy of Sciences,D epartm ent o f Complex Automation System s 
44-100 G liw ic e ,Zwyciçstwa 2 1 ,Poland.
More freq u en tly  however, no lo s s e s  are perm itted and server which  
completed the " fa t a l” s e r v ic e  i s  used as an a d d it io n a l storage p lace  
being o f course unable to  p ro cess  other demands / t h e  b locking pheno­
menon/.
In fa c t  d if fe r e n t  p o s s ib le  types o f  b lock ing  may occure, l ik e  
rep ea tin g  the s e r v ic e  of demand which couldn*t have been placed in 
the co n secu tiv e  b u ffer , or even fo rc in g  t h i s  demand to  return to  the 
very beginning o f the system  and have a l l  the so fa r  achieved se rv ie  
repeated  /  c f  Ц113 where a ls o  some eq u iva len ce r u le s  between d if fé r é  
ty p es of b lock in g  where d iscu ssed  and [313 / .
Numerous papers were concerned w ith  the a n a ly s is  of MQS.lt has 
to  be s tre ssed  th a t exact a n a ly t ic a l  t o o ls  g en er a lly  f a i l  when the  
number of co n secu tiv e  se r v e r s  exceeds th r e e , and even for sm aller  
system s only some sp e c ia l c a se s  /  or some sp e c ia l system f e a tu r e s /  
axe f u l ly  in v estig a ted .T h u s a great e f f o r t  i s  being done to ob ta in  
approximate so lu t io n s  e i th e r  by means o f s p e c ia l ly  developed methode 
l ik e  d if fu s io n  approxim ation / c f  [243 / ,  num erical methods /e g  [19] 
or s im u la tio n .
Other, eq u a lly  im portant area of resea rch  i s  op tim iza tion  of  
MQS o p era tio n a l fe a tu r e s , l i k e  throughput, serv ers u t i l i z a t io n ,  
queue length  e . t .c .F o r  th e se  stu d ie s  u su a lly  the fo llo w in g  way was 
chosen by numerous re sea rch ers: F irst th e  sp e c ia l ca ses  of two and 
th ree  stage system s were in v e s t ig a te d  /p r e fe r a b ly  a n a ly t ic a l ly /  and 
afterw ards, b asin g  on co n c lu s io n s  obtained there some h yp oth esis  of 
more general a p p l ic a b i l i t y  were form ulated.These in  turn were subjec 
to  v e r i f ic a t io n  u sin g - most freq u en tly  -  sim u lation  as the t o o l .
The purpose o f t h is  paper i s  to p resen t s ta te  o f the a r t in  the 
area o f throughput op tim iza tio n  in MQS w ith  the c la s s i c a l  type of 
b lock in g  mentioned above.In  author^ opinion there i s  a need fo r  such
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survey as in  a number o f papers se v era l op tim ization  r u le s  have been 
developed /u s u a lly  each fo r  some s p e c ia l  case^  being sometimes non- 
c o n s is te n t  or even co n tra d ic to ry .
In co n secu tiv e  s e c t io n s , a f te r  d ea lin g  w ith some gen era l properties 
in c lu d in g  the form al statem ent o f the op tim ization  problem and with  
the s p e c ia l  case of system s having con stant se rv ic e  tim es, o u t l in e s  
fo r  optim al ch o ice  o f each of the param eters in flu e n c in g  the through­
put o f  MQS w ith  s in g le  serv ers a t every s ta g e  w i l l  be considered  in  
tu rn .T h is  w i l l  be fo llow ed  by co n s id er a tio n s  concerning the use o f  
m u ltiserv ers  at some s ta g e s , and some remarks about o p tim iza tio n  goa ls  
other than throughput m axim ization.The whole paper i s  completed by 
a s e t  o f f in a l  co n c lu s io n s .
The l i s t  o f r e fe r e n c e s  compiled in t h i s  paper, although n ot aimed 
as a com plete b ib lig ra p h y  in c lu d es , in  a u th o r 's  op in ion , the v a s t  ma­
j o r i t y  o f papers concerned w ith op tim iza tio n  problems in  unpaced MQS 
/ i . e .  such where no ex tern a l syn ch ron ization  in  operation  of d if fe r e n t  
s ta g e s  e x is t s / .P a p e r s  d ea lin g  w ith  paced system s were mentioned only  
i f  th e re su lts  presented  there were in  stron g  connection w ith th e  inve­
s t ig a te d  system , w h ile  papers covering the problems o f system a n a ly s is  
e x c lu s iv e ly , have been in te n t io n a lly  om itted .
As production l i n e s  are one of the common te c h n ic a l system s being 
modelled as MQS, i t  i s  worth m entioning, th a t a wide range of both  
a n a ly s is  and optimizatiorjlproblems connected w ith d esig n in g  of pro­
duction  l in e s  was review ed by Buxey, S lack  and Wild C6] e s ta b lis h in g  
a lso  th e ir  connection  w ith  to p ic s  d iscu ssed  here.
I t  i s  hoped th at the u n ified  approach presented here w i l l  be of 
some help  in  d ir e c t in g  the fu ture resea rch , sim ultaneously  provid ing  
p r a c t ic ia n s  w ith  a s e t  of d ir e c t ly  a p p lica b le  op tim ization  r u le s .
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2 . Concepts and D e f in it io n s  •
Further ip t h i s  paper MQS o f the type presented  in  F ig , 1 
w i l l  be con sid ered .
Id e n tic a l demands o r ig in a tin g  from a source V 1 w ith  in te n s ity  X 0 
are to  be served co n se cu tiv e ly  on "M" sta g es  /ea ch  o f them co n s i­
s t in g  of s e v e r a l, not n e c e s s a r ily  s im ila r  serv ice  f a c i l i t i e s /  in  
a s t r i c t  order.A  queue S.^  w ith  Ni  p la ce s  i s  allow ed to  bu ild  up 
in  fron t of the i - t h  serv ice  stage.T he se rv ice  tim e of demands on
server A^  are i n d e p e n d e n t , id e n t ic a l ly  d is tr ib u ted  nonnegative
i  1random v a r ia b le s  bv, with a rb itra ry  d is tr ib u t io n  fu n ctio n s  B £(x ).
Let E (b j) denote the mean se r v ic e  time and J i t s  rec ip ro
I t  i s  assumed, that only one demand can be served by a server  
at any tim e.
S2 , . . .  , Sjj are of f i n i t e  s iz e  /KL со  , i  = 2 , 3 , . . .  M/? 
causing the b lo ck in g  phenomenon to  occure.
-  b locked. when i t  has completed a se r v ic e  but cannot pass on the  
demand to the n ex t stage, because the con secu tive  b u ffer  S^+-j i s  
f u l l*
-  id le  when i t  i s  n e ith er  busy nor b locked .
preceded by a b u ffer .In term ed ia te  b u ffers
Each server A? , 3 = 1 ,  2, . . .  n .;  i  = 1, 2,A J.
always in one o f th ree  p o ss ib le  s ta g es:
-  busy i f  i t  i s  serv in g  a demand^
• • • M-1 i s
We sh a ll assume th a t  the serv er  A^  may be id le  i f  and only i f  there  
are no demands w a itin g  for  s e r v ic e  in th e queue S^.
Let us now introduce some c la s s i f i c a t io n  o f MQS.
A MQS w i l l  be c a lle d  queueing l in e  i f  every stage  c o n s is t s  o f one 
serv er , e x c lu s iv e ly  /n^ » 1 ; i = 1 , 2 ,  . . . , M / .  Then b J(x ) w i l l  
be denoted b r ie f ly  B^(x) .
I f  a l l  se rv ers  in s ta l le d  a t any stage are id e n t ic a l  
/  Bj?(x) = B*(x) ;  j = 1, 2, . . .  , i  i  = 1, 2, . . .  M /  then th e
MQS i s  c a lle d  homogeneous ^otherwise i t  w i l l  be re ferred  to  as 
non-homogeneous .
I f  the jo in t  se rv ice  in te n s ity  of a l l  serv ers  in s ta l le d  at 
stage "i" , i=  1 , 2, . . .  , M i s  co n sta n t,
"i.
Z a Í = D , i  = 1 ,2 ,  . . .  M; (1)
j 4
then the system i s  ca lled  balanced , otherw ise i t  i s  unbalanced •
In order to  preserve a measure o f system unbalancing, we s h a l l  
fu rth er  assume that the fo llo w in g  holds:
,M n l ,
E [  ( E  f ± \ =*• m
I M  J = 1
Thus fo r  the balanced case
П;
H  / i  ■ i .
j =-i /
N atu ra lly  fo r  homogeneous, balanced system s ;
. -j *
M l * M l
M i  ‘ * 1 ^ 4
j -  * л , -
L = ^ 2 ,  ; M
тг-
( 2 )
ГЗ)
Comparing the se r v ic e  time d is tr ib u t io n  e f f e c t  on the system  
throughput we s h a l l  freq u en tly  u t i l i z e  the v a r ia b i l i t y  c o e ff ic ie n t^  
defined fo r  a s e r v ic e  time d is tr ib u t io n  В (x ) as
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and being a s u ita b le  measure fo r  the v a r ia b i l i t y  o f s e r v ic e  tim e. 
N a tu ra lly  C =0 fo r  the con stan t se r v ic e  time and C = 1 fo r  expo­
n e n t ia l ly  d is tr ib u te d  s e r v ic e  tim e.
In some queueing l in e s  the tr a n sfe r  o f demands from a l l  servers  
to  con secu tive  b u ffe r s  ta k es  p lace sim u lta n eo u sly , being e x te r n a lly  
synchronized, no m atter i f  a l l  se rv ice  p ro cesses  where completed or 
n o t.T h is  occurs fo r  example in  automated tr a n sfe r  /  moving b e l t /  
production lin e s .S u c h  queueing l in e s  w i l l  be c a lle d  paced •
Thus in the paced system s a predetermined tim e quantum,
/c a l le d  c y c le /  i s  imposed fo r  every s e r v ic e .I n  the case o f con stan t  
s e r v ic e  times th e cy c le  should be equal to  the lo n g est  s e r v ic e  tim e. 
I f  se r v ic e  tim es are v a r ia b le  then the l in e  should be designed so 
as to  minimize th e p r o b a b ility  of one or more s ta t io n s  exceed ing  
the c y c le .
Methods fo r  d esign in g  paced queueing l in e s  were surveyed  
in  [6  3 ,  w hile th e case o f  v a r ia b le  s e r v ic e  tim es i s  trea ted  fo r  
example in [433 •
Further in  t h i s  paper we sh a ll be in te r e s te d  only in  the ca ses  
when no ex tern a l syn ch ron ization  /  no pacing e f f e c t /  in the flow  
o f demands through the system  i s  in troduced , c a lle d  unpaced system s.
An important fea tu re  o f  any queueing system i s  i t s  throughput 
/fr e q u e n tly  c a lle d  production r a te /  d efin ed  as the mean number 
o f demands le a v in g  the system  in a tim e u n it /co m p letly  served /.
We sh a ll be s p e c ia l ly  in terested  in  the maximal throughput 
/  ca p a c ity / which a g iven  system may a ch iev e .
The MQS’i s  c a lle d  open i f  the b u ffer  preceding the f i r s t
s e r v ic e  stage i s  u n lim ited , /N^ = c?o /, and the input stream of demanc
i s  a renewal stream
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Oja the other hajad i f  the ijaput stream i s  such» th a t the 
queue i s  never empty, then the system i s  c a lle d  sa tu ra ted . 
C erta in ly  fo r  saturated  system s both the maximal queue s iz e  
and the d e ta ile d  c h a r a c te r is t ic s  of the input stream are of no 
im portance.
Two MQS : an open one and a saturated  one are c a lle d  correspon­
ding i f  they are id e n t ic a l ,  up to  the s p e c if ic a t io n  o f the input 
stream .
Let us con sid er some MQS. I f  we d efin e  another system  in which  
the order o f se r v ic e  i s  rev ersed , that means every demand p asses  
through the system beginning w ith  stage M and ending at stage 1 , 
b u ffer  s iz e s  being ex a c tly  p reserved , then such two system s are 
ca lled  dual system s •
F in a lly  we sh a ll  in troduce the concept o f sa turated  system  
accum ulation 9 being equal to  the maximal number o f demands which 
are allowed in  the system sim u lta n eo u sly .
System accum ulation V i s  g iven  by the fo llo w in g  form ula
i s  the t o t a l  number of storage p la c e s  / t o t a l  b u ffer  s i z e /  a v a ila b le  
in the system .
I t  i s  ev id en t that dual system s have equal accum ulation.
M
( 6 )
where M
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3 . General copвid e r a t i opa •
In t h is  s e c t io n  we s h a l l  present some theorems and remarks 
concerning some la rg e  c la s s e s  of MQS.
Lavenberg [2 8 j  proved /  as a s p e c ia l  case o f  more gen era l 
dependences d iscu ssed  in  h is  paper/ an im portant connection between 
the throughputs o f  corresponding open and saturated  m u ltista g e  sy s te
I f  only a l l  s e r v ic e  s ta t io n s  in  a MQS have Coxian se rv ic e  tim e d is t r
*)
b u tion s and a l l  in term ed ia te  b u ffers are f i n i t e ,  then throughput 
o f the saturated  system T i s  equal to  the maximal throughput 
/c a p a c ity /  V o f a corresponding open system .
More p r e c is e ly , the throughput T o f th e open system  can be d efined  
as fo llo w s:
if
T , if  X  > T $
where denotes / c f  F ig .1 /  the in te n s ity  o f demands a r r iv a l in
the open system . Thus V » T .s
A d d itio n a lly  in the case when Д > Tg , the sta tio n a ry  d is tr ib u t io n  о 
the number of demands w a itin g  in  the queue doesn#t e x i s t ,  contr
ry to  the case when Л ^  Tfl.
Thus in order to  f in d  the cap acity  o f m u ltista g e  queueing sy s te  
i t  i s  necessary to  in v e s t ig a te  the proper saturated  ca se .
Coxian d is tr ib u t io n  means any d is tr ib u t io n  having a r a t io n a l Laplace 
transform  of the d is tr ib u t io n  fu n c tio n .In  fa c t  i t  i s  p o s s ib le  to  
approximate any d is tr ib u t io n  fun ction  f a i r ly  w e ll with a Coxian 
d is tr ib u t io n , thu s the c o n str a in ts  are not r e s tr ic t iv e .T h e  case of 
constant se r v ic e  tim es, however a lso  p o s s ib le  to  approach as a lim i­
t in g  case of Erlangian d is tr ib u t io n , w i l l  be fu r th er  in t h i s  paper 
trea ted  se p e r a te ly .
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Let us n o tic e  that w ithout lo s s  of g e n e r a lity  i t  i s  enough to  
con sid er MQS w ithout in term ed ia te  b u ffe r s . ( [ 2 ]  , [ 3 1 ] ) .
I t  i s  q u ite  ev id en t, th a t any b u ffer  of s iz e  N can be replaced  by 
К se r v e r s , each having a n u ll  se r v ic e  time /  B(x) а Ц (х) ,
"Q (x) being the H eaviside fu n c t io n / .T h is property s im p lif ie s  
many p ro o fs .
I t  i s  a lso  worth s t r e s s in g ,  that the ca p a c ity  o f a MQS i s  
almost independent of the s e r v ic e  d is c ip l in e s  a p p lied .In  f a c t ,  as lon g  
as no server  A? , j = 1, 2 , . . .  , n i ; i  -  1 , 2, . . .  M may remain 
id le  i f  the queue S  ^ i s  not empty, and the s e r v ic e  i s  o f nonprem pti- 
ve type, a l l  queueing d is c ip l in e s  /  p o ss ib ly  not id e n t ic a l  at d if f e r e n t  
s ta g e s /  y ie ld  equal system  c a p a c ity .
Another important r e s u lt  o f  qu ite gen era l a p p lic a b il i t y  i s  th e  
so c a lle d  r e v e r s ib i l i t y  property fo r  saturated  MQS w ith  f i n i t e  
in term ed iate b u ffe r s .
ïamazaki and Sakasegawa [54Ü demonstrated th a t the cap acity  of 
a queueing l in e  w ith gen eral s e r v ic e  time d is tr ib u t io n  i s  in v a ria n t  
for r e v e r sa l ordering o f the servers.T h at means, dual system s have 
equal ca p a c ity .
The r e v e r s ib i l i t y  property i s  important fo r  the throughput o p t i­
m ization co n sid era tio n s as i t  makes us expect op tim iza tio n  r u le s  
c a ll in g  fo r  queueing l in e  s tr u c tu r e s  being in  some sense "symmetric". 
This fea tu r e  w i l l  become more m eaningfu ll in  fu r th er  s e c t io n s .
R ecently  independent p roofs o f the r e v e r s ib i l i t y  property were 
given in  С13Л and C32J •
Kawashima [22 ] gen era lized  t h i s  property, s ta t in g  that a lso  both th e  
î i s t r ib u t io n s  o f se r v ic e  com pletion tim es fo r  every customer and th e  
aumber o f s e r v ic e  com pletions in  the time in te r v a l /0  , t  /  are 
Invariant fo r  reordering the se rv er s  r e v e r se ly .
134 -
Yamazaki, Sakasegawa and Kawashima Ц55Л proved, th a t the r e v e r s ib i l i t y  
property holds a ls o  fo r  the case  when, at some stages^ th ere  are in s ta ­
l le d  homogeneous m u lt ise r v e r s , having however con stan t se rv ice  tim es  
/n o t ic e  that t h i s  i s  not a queueing l in e  any m ore/.
W olisz Q523 v e r i f ie d ,  that t h i s  property h olds a lso  fo r  tw o-stage  
homogeneous system s w ith  a rb itra ry  numbers o f exp on en tia l serv ers  
at each s ta g e .
The occurence of b lock in g  phenomenon cau ses a decrease o f system  
throughput in  comparison w ith  system s w ithout such e f f e c t .
In fa c t  Muth C31J pointed o u t, that the ca p a c ity  of any queueing  
l in e  w ith f i n i t e  in term ed iate b u ffe rs  has two bounds:
-  The upper bound
= Min / i i  , ( 7 )
L * 4iZt- ■ ■ M
being equal to  the se r v ic e  in te n s ity  o f the s lo w est serv er .
The throughput of a queueing l in e  would tend to  t h i s  value i f  a l l  
queues were allowed to  b u ild  up without any r e s t r ic t io n s .
This i s  a d ir e c t  r e s u lt  from Sachs [44Ц theorems concerning the  
• e r g o d ic ity  o f tandem queueing system s.
-  The lower bound V”
y ~ = _______i________ ( 8 )
L £Cmax (Ь4,Ьг>. ■ b J
I t  i s  easy to  see th a t in  the case o f constant se r v ic e
tim es ;
In h is  paper Muth compared a ls o  the v a lu es  of th e d iffe r e n c e  
v£ -  V" fo r  var iou s queueing l in e s .
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The cap acity  of a MQS may be, g en er a lly  speaking, in flu en ced  by the  
number o f s ta g e s  as w e ll as fo llo w in g  parameters d escr ib in g  in d iv i ­
dual s ta g es:
c
- s e r v ic e  in t e n s ity ,
- s e r v ic e  time d is t r ib u t io n ,
-b u ffe r  s iz e  a l lo c a t io n  to  the s ta g e s ,
-se r v e r s  r e l i a b i l i t y ,
-number o f serv ers  in s ta lle d  at the s t a g e ,
-homogenity o f se rv er s  in s ta l le d  at one s ta g e .
N otice the common assum ption, th a t a server  may break-down only when 
se r v ic e  i s  in progress.T hus assuming th a t the preempted by some break­
down se r v ic e  i s  resumed a f te r  re p a ir in g  o f the proper server  we can 
under some sim ple a d d itio n a l assum ptions, tr e a t  the breakdown p rocess  
togeth er w ith the se r v ic e  p ro ce ss , d escr ib in g  them j o in t ly  w ith a 
modified se r v ic e  duration  d is tr ib u t io n  function .T hus i f  we sh a ll  
further assume, th a t  some se r v ic e  time d is tr ib u t io n s  are id e n t ic a l  
that w i l l  mean id e n t ic i t y  o f both the r e a l se r v ic e  and break-down 
p ro cesses .
A MQS i s  d efin ed  by sp e c ify in g  the parameters of a l l  s ta g es  which 
are -  g en era lly  speaking -  e n t ir e ly  d if fe r e n t  fo r  in d iv id u a l s ta g e s .  
Let us p o in t out th a t two main ty p es of op tim ization  problems are 
u sually  form ulated: 
a / the improvement problem
Given an M sta g e  system, in crea se  i t s  cap acity  through m odifying  
the parameters o f some s ta g e s .
U sually  i t  i s  demanded to  p o in t out which p o ss ib le  m o d ifica tio n  
/  in  the con text o f rea l p rocess being m odelled / would be most 
p r o f ita b le  in  term s of throughput in c r e a se .
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Ъ/ the rearrangement problem
Given an M sta g e  system arrange a l l  the f a c i l i t i e s  so as to  
maximize i t s  throughput.T h is problem can be solved  through one 
of th e  fo llo w in g  a c t io n s:
-  d if fe r e n t  d iv id in g  o f p rocessin g  among s ta g e s , thu s in flu e n c in g  
th e mean s e r v ic e  tim es o f the s ta g es  involved  /  l ik e  fo r  example 
in  the case o f  two-stand r o l l in g  m i l l s / ,
—'Changing the sequence o f s ta g es  /  t h i s  i s  perm itted in  some 
p rocesses l ik e  fo r  example equipment m a in ten a n ce ,testin g  
or tu n in g /,
-  d if fe r e n t  a l lo c a t io n  o f b u ffers  to  in d iv id u a l s ta g e s  w ith  regard  
to  the fixed  t o t a l  b u ffer  s iz e  Z.
I t  was demonstrated / f o r  example using approximate c a lc u la t io n s  in  
Cl911 and sim u la tio n  in  [4 1 3 /th a t MQS cap acity  d ecreases g en er a lly  
w ith th e increase o f  number o f s ta g es .F u rth er  an attempt i s  done to  
p resen t o u tlin e s  f o r  op tim ization  in  both o f the above p rec ised  
c o n tex ts  with r e sp e c t  to  parameters o f in d iv id u a l s ta g e s .
4 . MQS w ith con stan t se r v ic e  tim es •
We s h a l l  s ta rt our co n sid era tio n s  on throughput op tim iza tion  in  MQS 
w ith  th e  sp ec ia l type of system s,having  con stant se r v ic e  tim es.
Such systems have been considered in  papers [ 9 ]  , [163 , [2 7 ] , 
[31] ,  [493 •
As the Lavenberg theorem mentioned in the previous s e c t io n  does not 
d ir e c t ly  apply to  t h i s  c a s e ,th e  open system s have to  be co n sid ered .
I t  has been proved, th a t fo r  any open system of homogeneous type 
w ith i - t h  stage c o n s is t in g  of n ^ p a r a l le l  channels, each having the  
same constant s e r v ic e  time = c x » n e ith e r  the sujourn tim e of
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demands nor the stream of demands le a v in g  the system depend on the  
sequence of s ta g es  and the cap acity  o f  in term ed iate queues.T his r e ­
s u lt  remains v a lid  a lso  fo r  arb itrary  input stream s, and in  the case  
o f in term ed iate queues allow ed to b u ild  up to  in f in i t y  [49Л .
Friedman П16] has introduced the concept of dominance дassuming 
th a t stage  к dominates sta g e  p i f  no demand ever w a its  at s ta g e  p 
i f  i t  i s  preceded by sta g e  к •
He proved a lso  that such property h olds i f  and only i f  c p $  К c k , 
where К ■ [n /п,Л /g r e a t e s t  in teg er  n o ta t io n / .p к
For example when one stage dom inates a l l  other, then th e
only w a itin g  in  the system  occurs b efore t h is  very s ta g e , which can 
be e a s i ly  demonstrated through proper rearrangem ent.
Using t h i s  concept Friedman su ggested , w h ile 'S u zu k i and Kawashima П49j 
developed fu rth er , a method fo r  reducing a m u lti-s ta g e  system to  an 
eq u iv a len t system w ith  sm aller  number o f  s ta g e s , sometimes even to  
one s ta g e  succeded by a »/D/Ьо system .A s the s t a b i l i t y  co n d itio n  
o f th e eq u iva len t G/D/n system can be e a s i ly  e s ta b lish e d , i t  i s  
p o s s ib le  in  such s p e c ia l  c a s e s ,t o  compare using the presented above 
m ethodology, the changes of the o r ig in a l sy stem 's cap acity  fo r  
d if f e r e n t  parameters of in d iv id u a l s ta g e s , ev en tu a lly  chosing th e b est  
on e.T h is method i s  however o f stron g ly  r e s t r ic te d  u se .
G enerally v a lid  r e s u l t s  may be found on t h is  b a s is  only fo r  que­
ueing lines.M uth  C31] pointed  ou t, that the cap acity  of such l in e  T 
i s  g iven  by (7), (  8)
T =  [ m a x  ••• c M ) ]  ( 9 )
E vid en tly  the maximal ca p a c ity  i s  ach ieved , independently from the  
b u ffe r  s i z e ,  fo r  the balanced ca se .
The problem of u n r e lia b le  servers le a d s  in  fa c t  to  con sid era­
t io n  o f system s having v a r ia b le  se rv ic e  tim es,and as such w i l l  be 
d iscu ssed  in  fu rth er  s e c t io n s .
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5. Unbalancing of queueing l in e s  .
Let us assume a M stage queueing l in e  w ith s e r v ic e  time d i s t r i -  
b u tion s B .(x) , i  s  1, 2, . . .  ,M.
According to ( 2 ) we s h a ll  assume that
a /  The case of id e n t ic a l  s e r v ic e  time d is tr ib u t io n s .
We sh a ll  tem porarily  co n stra in  o u rse lv es to  the case  of id e n t ic a l  
/up to  the mean v a lu e /  se rv ic e  tim e d is tr ib u tio n s .T h u s  the only para­
meter which w il l  be changed are the se r v ic e  time in t e n s i t i e s  , 
however w ith re sp e c t  to  (10) .A lso  the s iz e  of in term ed iate  b u ffers  i s  
assumed to  be f ix e d  and equal fo r  a l l  s ta g es;  IL =11, i  = 2 , 3 , . . .» M .
For the case o f tw o-stage system s, the r e v e r s ib i l i t y  property 
lea d s to  a co n clu sio n  that th e balanced case i s  op tim al.
F ig . 2 presen ts system  cap acity  versu s i t s  unbalancing in  the case  
of exp on en tia l s e r v ic e  time d is tr ib u t io n s  /  data taken from [18Ц / .  
K otice that lo s s e s  due to unbalancing in crease  ra p id ly  w ith  the in cr e ­
ase of in term ed iate buffer s i z e  И .Thus proper system balancing becomes 
more c r u c ia l fo r  b igger  v a lu es  o f N.
H i l l ie r  and B oling  Q18J in v e s t ig a te d  a lso  the case o f M = 3, 4 ;  
again fo r  exp on en tia l se r v ic e  time d is tr ib u tio n s .T h ey  proved that the  
balanced case i s  not optimal any lon ger , and suggested  the e x is te n c e  
of so ca lled  "bowl phenomenon", asking fo r  higher s e r v ic e  in te n s ity  
being assigned to  middle s t a t io n s .
The optim al so lu t io n  i s  "symmetric" /  Bfb^) = E(b^) fo r  M=3 ;
E (b.j) = E(b^) , E (bg) = E(b^) fo r  M=4 /  as i t  should have been
expected due to  th e  r e v e r s ib i l i t y  property.Proper unbalancing not 
n e c e s s e r ily  very p r e c is e , le a d s  to  some g a in , w hile inproper unbalan-*
M
( 1 0 )
where e . • [  [  x (*} J
0
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cing lea d s  to  s ig n if ic a n t  losses.S om e remarkable data are given  
in Table 1.
I t  i s  worth n o t ic in g  that applying E(bg) = 1.15 fo r  the case M=3,N=»0^  
lead s to  the ca p a city  equal to  98.7% of the balanced c a se .
As p r e v io u s ly ,th e  system s e n s i t iv i t y  to  inproper balancing  
in crea se s  w ith the in crease  of N.
P atterson  Q35] analysed th ree  stage system s by means of num erical 
methods ob ta in in g  s im ila r  r e su lts .H e  suggested  however, that fo r  Ni> 3 
the optim al arrangement should be such, where the quick s ta t io n s  sepa­
rate  the slow ones.He suggested a lso , that the gain  obtained from such  
a procedure should decrease w ith  the decrease of se r v ic e  time v a r ia b i­
l i t y .
A s im u la tio n a l study of queueing l in e s  with M = 3, 4 , 12jN>0was 
presented by El-Rayah C413 who compared the above g iven  s t r a te g ie s  
with the balanced c a se .In  fa c t  he te s ted  a lso  a th ird  s tra teg y  o f  
a ssig n in g  to  the con secu tive  s ta t io n s  low - medium- h igh  se r v ic e  tim es, 
r e sp e c t iv e ly  .Such stra teg y  was suggested  by Davis 11143,, fo r  a system  
with lo s s e s  /w ith o u t b lock ing/, and i t  was improbable th a t i t  w i l l  be 
adequate fo r  the considered ca se .T h is  s tra teg y  i s  however a lso  sugge­
sted  sometimes as reason ab le .
Experiments w ith  exp on en tia l s e r v ic e  time f u l ly  confirmed th e “bowl
u *■)
phenomenon hypothesis.F urtherm ore, a lso  fo r  normal and lognormal 
se rv ice  time d is tr ib u t io n s  the bow l-type arrangement o f mean se r v ic e  
tim es was found to  be the b est one, lead in g  always to  improvement over 
the balanced ca se .
As fo r  the case M=12 one could su ggest v ar iou s p o s s i b i l i t i e s  of d e f i-_  
ning the bowl -  type arrangement, some o f them have been t e s te d .
The arrangement w ith  two middle s ta g es  having the sm a lle st  se rv ice  
tim e, which in creased  stepw ise w ith  equal quantum up to  the lo n g est
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v a lu es /sy m m etr ic a lly / or the ends,was found b e tte r  than those where 
bowl'1 was formed from groups o f 3-4 se rv er s  having equal se r v ic e  
in te n s ity  in every group.T his arrangement applied  fo r  the exp on en tia l 
se r v ic e  time d is tr ib u t io n s  leads/to the so lu t io n  given  in  Table 2 •
The bowl-type unbalancing i s  always e f f i c i e n t . l t  was dem onstrate 
that both the p o s s ib le  gain from proper unbalancing, and the imbalance 
i t s e l f ,  in crease w ith  : g rea ter  v a r ia b i l i t y  in  operation  tim es, sm aller  
in te r s ta g e  queueing cap acity  and la rg er  number of s ta g e s  in  the l i n e .  
The gain  in  ca p a c ity , p o ss ib le  to  ach ieve due to  unbalancing i s  never  
h igh . The p o ss ib le  gain  for<M=12 /which perhaps could be a l i t t l e  b it  
improved chosing n o n - id e n t ic a l quanta w h ile  unbalancing the system / 
i s  only m arginally h igher then that fo r  M=4.
The unbalancing method suggested  by P atterson  i s  very u n r e lia b le ,  
and le a d s  freq u en tly  to system  cap acity  low er then the balanced ca se .
The low-medium-high arrangement was d e f in i t e ly  found to f a i l  
g e n e r a lly , and was s ig n if ic a n t ly  worse /a s  a r u le /  than the balanced  
ca se .
The study o f El-Rayah, based on s o l id  s t a t i s t i c a l  methods, shows 
however how one should be cau tiou s in  a s s e s s in g  the r e s u lt s  o f simu­
lation .M ean v a lu es o f cap acity  fo r  dual system s were u su a lly  d if fe r e n t  
but th e d ifferen ce  was a ssessed  to be s t a t i s t i c a l l y  in s ig n if ic a n t  -  
a co rrec t r e su lt  in  view o f th e r e v e r s ib i l i t y  p rop erty .C uriou sly  
enough fo r  the th r e e  stage system /p .6 6  o f L41] /  the author s t a t e s  
"It was a lso  v e r i f ie d  that a low-medium-high arrangement i s  su p erior  
to  a high-medium-low arrangement in  terms of expected output rate"  
which i s  obviously wrong!.
•*)
N atu ra lly  here and furtheron  the tru n cta ted  normal d is tr ib u t io n  
i s  considered , (  p  * 5 ) .
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Ъ/ The case of d if f e r e n t  se r v ic e  tim e d is tr ib u t io n s .
Rao Q 39D presented  a methodology fo r  e s ta b lis h in g  the ca p a c ity  
of tw o-stage l i n e s  w ith exp on en tia l s e r v ic e  time d is tr ib u t io n  at one 
of the stages,an d  gen eral se r v ic e  time d is tr ib u t io n  a t the other sta g e , 
c a l l in g  fo r  so lu t io n  o f a system of l in e a r  equations which order was 
dependent on the b u ffer  s iz e  K.
C a lcu la tio n s fo r  Erlang and normal d is tr ib u t io n  w ith  v a r ia b i l i t y  
c o e f f ic ie n t  G < 1  lead to  the con clu sion  th a t system cap acity  i s  
optim ized i f  the server  having g rea ter  v a r ia b i l i t y  i s  assigned  s l i g h t ly  
higher speed.Both the gain and optim al imbalance in crea se  with in crea se  
of the d iffe r e n c e  in  v a r ia b i l i t y  c o e f f ic ie n t s  and decrease s ig n if ic a n ­
t ly  fo r  larger  v a lu es  of E.
'Sim ilar system s have been considered  by Wolisz [ 52] where c lo sed  
form exp ression s fo r  system ca p a city  have been given.T he e a r l ie r  r e ­
s u l t s  fo r  G < 1 have been confirm ed, but su rp r is in g ly  q u ite  d if fe r e n t  
ob servation s appeared fo r  C> 1, in v e s t ig a te d  with second -  order 
hyperexponential d is tr ib u tio n .T h e  optim al cap acity  was in  th is  case  
obtained fo r  s l i g h t ly  quicker exp on en tia l se rv er , which however t h i s  
time was the one having sm aller v a r ia b i l i t y  c o e f f ic ie n t .A ls o  the in c r e ­
ase o f N led  i n i t i a l l y  to the in crea se  of ga in  /and u n b alan cin g /, 
and only fu rth er  in crea se  of N reduced t h is  e f f e c t s .
Sample r e s u lt s  are p lo tted  in  P ig  3*
Typical optim al unbalancing in  the tw o-stage l in e  l i e s  in the  
range E(b^) = 0 .9 2  -0 .9 6  lea d in g  to  a gain o f 0 .2  -  0 .3  % over the  
balanced case .
Rao С40Д in v e s t ig a te d  a lso  a n a ly t ic a l ly  the case o f M=3 w ithout 
in term ediate b u ffe r s , assuming a l l  p o s s ib le  com binations o f exp on en tia l 
and d e term in is t ic  se r v ic e  time d is t r ib u t io n s .
142 -
Table 3 co n ta in s  the r e s u l t s  of optim al unbalancing /n o t ic e  
the ex is te n c e  of dual sy stem s/, Rao introduced the term " v a r ia b ility  
imbalance" c a l l in g  fo r  a ss ig n in g  sh orter se r v ic e  tim es to  the more 
v a r ia b le  s ta tio n s .T h e  " V a r ia b ility  imbalance" e f f e c t  may e ith e r  
co in c id e  /e g  p a ttern  f /  or co n tra d ic t  / c f  pattern  с /  w ith the "bowl 
phenomenon".
I t  was su ggested  that the stren gth  o f the v a r ia b i l i t y  imbalance 
e f f e c t  depends on the d iffe r e n c e  in  v a r ia b i l i t ie s .R a o  v e r if ie d  th a t  
i f  a server w ith uniform s e r v ic e  time d is tr ib u t io n  and v a r ia b i l i t y  
c o e f f ic ie n t  equal to  0 .5  i s  lo ca ted  between two ex p o n en tia l serv ers  
then the balanced case becomes optim al.
Concluding we can e s ta b lis h  the e x is te n c e  of both the "bowl 
phenomenon" and th e  " v a r ia b ility  im b a lan ce" ,e ffec t o f  the la t e r  being  
c le a r  fo r  С < 1 , w hile the case of d > 1 needs fu r th er  resea rch .
J o in t e f f e c t  o f th e  two phenomena given  above can be s ig n if ic a n t  
/ c f  the 6.79% ga in  in  p a ttern s d ,e , f  o f Table 3 / .
6 . The e f fe c t  o f se r v ic e  time d is tr ib u t io n  op sy s tem ca p a city  •
The ir r e g u la r ity  of s e r v ic e  time i s  caused by two main reason s;
-  the in avoid ab le s to c h a s t ic  d if fe r e n c e s  among demands as w e ll as 
s to c h a s t ic  d istu rb an ces in  the se r v ic e  process.T hose lead u su a lly  
to  sm all changes of s e r v ic e  time -  ly in g  in the range o f v a r ia b i l i t  
c o e f f ic ie n t s  l e s s  than u n ity  /  or more freq u en tly  l e s s  than 0 .5 ,
as fo r  example a value of C = 0 .27  was found ty p ic a l  fo r  th e pro­
duction l in e s  by Slack C 47J .V alues o f C  approaching one are repor*- 
ted in some d ata  transm ission  a p p lic a t io n s / .
— break-down o f  the server.Such  s itu a t io n s  occure r a r e ly , but i t  
takes u su a lly  a mean re p a ir  period se v era l tim es longer than mean 
serv ice  tim e to  resume serv er  s o p erá tion.Thus th e r e s u lt in g  jo in t
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Che e f f e c t s  of th ose  two reason s fo r  s e r v ic e  ir r e g u la r ity  are u su a lly  
studied se p e ra te ly  ; e ith e r  p e r fe c t ly  r e l ia b le  se rv er s  are assumed 
эг the se r v ic e  tim es are assumed to  be co n sta n t, w h ile  in  random 
periods break-downs of random duration are assumed.
In queueing system s fo r  the sake o f s im p lic i ty ,  th ere  i s  a strong  
trend to  ch a ra c ter ize  the random v a r ia b le s  in vo lved , only w ith two 
f i r s t  s to c h a s t ic  moments.Let us f i r s t  a s s e s s  what error does such  
a ttitu d e  in troduce in  the case o f MQS.
a / The e f f e c t  o f ign orin g  se r v ic e  time d is tr ib u t io n  h igher moments.
P ig  4, based on data from [3 8 3  compares iystem  ca p a city  fo r  
M=2,K=0 versu s C fo r  d if fe r e n t  /E rlang and norm al/ s e r v ic e  tim e 
d is tr ib u t io n s  a t both s ta g e s , su g g estin g  th a t the d if fe r e n c e s  are of 
q u a n tita tiv e  type on ly , and in crea se  w ith  the in crea se  o f £ •
.
Rao C393 dem onstrated, that t h is  e f f e c t  becomes even more v i s i b l e  when 
q uite d if fe r e n t  types of d is tr ib u t io n s  are compared, l ik e  Erlang and 
uniform d is tr ib u t io n s  w ith id e n t ic a l  v a lu es  of C ,He provided a lso  
examples th a t i f ,  in  a tw o-stage system one of the s ta g e s  has some 
fixed  d is t r ib u t io n , then w ith  the in crea se  o f i t s  v a r ia b i l i t y  c o e f f i ­
c ien t  the in flu e n c e  of higher moments at th e other s ta g e  w i l l  be 
g rea ter .T h is  in flu e n c e  becomes stron ger in  the case of sm all In te r ­
mediate b u ffer  /T able 4 / .
Anderson and Moodie [1 3  used in a sim u lation  study of m u lti­
stage  balanced l in e s  aiming at op tim iza tio n  of b u ffer  s iz e  from the  
point of view o f some complex c r ite r io n  / c f  se c tio n  9 /  both the expo­
n e n tia l and asrm al se r v ic e  time d is t r ib u t io n s , f in d in g  the r e s u l t s  
q u a li ta t iv e ly  id e n t ic a l  and q u a n tita t iv e ly  s im ila r , however d if f e r e n t .
Such co n c lu sio n s were a lso  presented by El Rayah C411 who used 
both normal and lognormal d is tr ib u t io n s  in  h is  sim u la tion  s tu d ie s  of  
unbalanced queueing l in e s  w ith M=3»4*
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Thus we c o n c lu d e ,  t h a t  f o r  1 no example o f  q u a l i t a t i v e  d i f f e r e n c e  
^ o p t i m i z a t i o n  r u l e s  due t o  th e  h ig h e r  moments are known, w h i l e  c o n d i ­
t i o n s  when the q u a n t i t a t i v e  d i f f e r e n c e s  can be e x p ected  t o  be sm a l l  
where l i s t e d  a b o v e . I n  p r a c t i c a l  c a s e s 3f o r  s i m u l a t i o n a l  s t u d i e s  where  
t h e  c h o i c e  o f  d i s t r i b u t i o n  f u n c t i o n s  i s  u n r e s t r i c t e d ^ s o m e  a f f o r d  i s  
made t o  p r e ser v e  t h e  shape o f  t h i s  f u n c t i o n ,  u s in g  f o r  e x a m p le . p o s i ­
t i v e l y  skewed W e ib u l l  d i s t r i b u t i o n s ,  eg [ 1 0 ]  , [4 7 3  •
b /  The i n f l u e n c e  o f  s e r v i c e  t ime v a r i a b i l i t y  on system  c a p a c i t y .
From F ig .  2 ,3 ,4  and T a b le s  3 ,4  i t  i s  e v i d e n t ,  t h a t  sys tem  capacii  
d e c r e a s e s  w ith  t h e  i n c r e a s e  o f  s e r v i c e  t im e  v a r i a b i l i t y  c o e f f i c i e n t  at  
any s t a g e . T h i s  l o s s  becomes however s i g n i f i c a n t l y  s m a l l e r  when l a r g e r  
b u f f e r s  are a p p l i e d . S im i la r  c o n c l u s i o n  was a ch iev ed  by B arten  C24 3 
f o r  a s im u la t io n  stu dy  o f  s i x - s t a g e  s y s t e m s  w ith  normal s e r v i c e  t ime  
d i s t r i b u t i o n s ,  who s t r e s s e d  s p e c i a l l y  th e  b e n e f i c i a l  r o l e  o f  b u f f e r s  ij 
c a n c e l i n g  the bad i n f l u e n c e  o f  s e r v i c e  t im e  v a r i a b i l i t y . D a t a  s u p p o r t i v  
t h i s  property  can be found a l s o  in  a s i m u l a t i o n  s tu d y  w i t h  W eib u l l  
ty p e  d i s t r i b u t i o n s  [ 1 0 3  •
On the o t h e r  hand i t  has been observed  t h a t  a s i m i l a r  e f f e c t  i s  
v i s i b l e  in queu e in g  l i n e s  w i t h  c o n s t a n t  s e r v i c e  t im e s  and u n r e l i a b l e  
s e r v e r s . S t u d i e s  o f  such sy s tem s  where r e p o r t e d  [73,[33] »[343 f o r  
paced queueing l i n e s .  B u za c o t t  [193 dem onstra ted  however t h e i r  d i r e c t  
a p p l i c a b i l i t y  f o r  th e  unpaced c a se  as  w e l l . H e  i n v e s t i g a t e d  a n a l y t i c a l l y  
a balanced  t w o - s t a g e  system w ith  H  ^ 0 and e x p o n e n t i a l  s e r v i c e  t i m e s ,  
in  which s t o c h a s t i c  breakdowns o f  random d u r a t io n  o c c u r e d .
I t  was p o i n t e d  out t h a t  th e  d e c r e a s e  o f  system c a p a c i t y  in  compa­
r i s o n  w ith  the f u l l y  r e l i a b l e  -  c o n s t a n t  s e r v i c e  t ime c a s e 5 can be very  
p r e c i s e l y  approximated by a sum o f  l o s s e s  due to  e i t h e r  s e r v i c e  t ime  
v a r i a b i l i t y  i t s e l f  or n o n p e r fe c t  r e l i a b i l i t y .
Such superposit io/i was expected  t o  hold a l s o  f o r  l a r g e r  s y s t e m s .
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/  Arrangement of balanced queueing l in e s  due to  se r v ic e  tim e 
v a r ia b i l i t y .
Some data on a balaneed th r e e -s ta g e  queueing l in e  w ith  d if fe r e n t  
rdering o f serv ers  having unequal v a r ia b i l i t y  c o e f f ic ie n t s  are g iven  
s a r e s u lt  of a sim u lation  study by Smith and Brumbaugh [ 4 6 •  
hey suggested  that a llo c a t io n  o f a s ta t io n  w ith h ig h est v a r ia b i l i t y  
n the middle of the l in e  led to  the worst r e s u l t s ,a s  everage c a lc u -  
ated over d if fe r e n t  b u ffer  a llo c a t io n  p atterns.T he data presented  
n Table 1 o f [ 4 6 ] / in  terms o f means o n ly / v io la te  however s i g n i f i -  
an tly  the r e v e r s ib i l i t y  property, thus i t  i s  not p o s s ib le  to  draw 
sin g  them any more d e ta iled  co n c lu s io n s .
Systems w ith Li=4,10 and d if fe r e n t  v a lu es  of К have been sim ulated  
у C arnall and Wild [10] .S e r v ic e  tim es where assumed to  be e ith e r  
onstant or v a r ia b le , described by the p o s i t iv e ly  skewed W eibull type  
is t r ib u t io n .I n  every experiment i t  was essumed that v a r ia b le  s ta t io n s  
re id e n t ic a l .
I t  was found th a t fo r  M=4, and two v a r ia b le  s ta t io n s  s ig n if ic a n t ly  
igher cap acity  has a system w ith  v a r ia b le  s ta t io n s  lo c a te d  at the  
nds of the l i n e ,  in  comparison w ith the case of th e ir  lo c a t io n  at the  
id d le . The gain from such s tra teg y  in cr ea se s  w ith the in crea se  of 
a r ia b i l i t y  c o e f f ic ie n t  and d ecreases w ith  the in crea se  o f b u ffer  s iseK . 
or example in  the case Ca 0.5» №*1 the gain  approaches 4% .
Experiments w ith  M=10 lead a lso  to  a con clusion  th a t lo c a t in g  
a r ia b le  s ta t io n s  at the ends i s  j u s t i f i e d ,  r e s u lt in g  in  a 1.33% gain
t
ver a random sequencing of s ta g e s , and 3% gain  over a l lo c a t io n  of 
a r ia b le  s ta g e s  in  the middle of the l i n e .
Thus the authors suggested the e x is te n c e  of som ething l ik e  the  
bowl phenomenon" concerning the se r v ic e  tim e v a r ia b i l i t y  fo r  balanced
in es
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An exten sive  sim u lation  study w ith  norm ally d is tr ib u te d  se r v ic e  
tim es and no in term ed ia te  storage was reported  by El-Rayah Ц42Ц •
.For M=3 the bad e f f e c t  of a l lo c a t in g  h ig h e st  v a r ia b i l i t y  to  the  
middle s ta tio n  was confirmed .A lso  fo r  l/t=4 the above g iven  su g g estio n s  
were v e r if ie d  to be tru e.F u rth er  the author demonstrated that t h i s  
queueing l in e  w ith  equal mean se r v ic e  tim es and "unbalanced” 
v a r ia b i l i t y  c o e f f ic ie n t s  / th e  sum of them over a l l  serv ers  being  
c o n s ta n t / may y ie ld  higher ca p a city  then a l in e  w ith id e n t ic a l  serv ers . 
I t  was demonstrated fo r  t h is  ca se , and a ls o  fo r  M=12 th a t something 
l ik e  the "bowl phenomenon" e x i s t s  a lso  fo r  the se r v ic e  tim e v a r ia b il ity  
In the in v estig a ted  range of £ < 0 . 3  i t  was found th at in crea sin g  of 
some servers v a r ia b i l i t y  c o e f f ic ie n t ,  and decreasing  i t s  mean se r v ic e  
tim e y ie ld  h igh ly  s im ila r  r e s u lt s .F o r  examplë i f  4 out o f 12 serv ers  
had (1=0.15, w hile other had £ =0.3 then lo c a t in g  the servwrs w ith  
sm aller  v a r ia b i l i t y  in the middle of the l in e ,  in stead  o f lo c a t in g  ther 
/  in  one group/ e i th e r  at tho beginning or at the end of the system  
/b o th  of these c a s e s  being e q u iv a le n t / led  t o a v  improvement in cap acity  
of over 2 .5 $ .
7 . The e f fe c t  of in term ed iate b u ffers  on system cap acity  .
In previous s e c t io n s  i t  was se v e r a l tim es m entioned, that the  
in term ediate b u ffe r s  may in crea se  or d ecrease the above d iscu ssed  
effects.R ow  we s h a l l  d iscu ss  d ir e c t ly  the in flu en ce  of in term ed iate  
b u ffe r s  on system ca p a c ity .
In sectio n  3 i t  was mentioned th a t in term ed iate b u ffe rs  e lim in a te  
/  to  some e x te n t /  the b lock ing  and id le n e s s  of in d iv id u a l s ta g e s .
Thus i t  i s  c le a r  th a t both the preceding and co n secu tiv e  b u ffer  s iz e  
in flu en ce  the op eration  of any s ta g e .
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'urthermore as  i t  y i e l d s  from ( 7 )  t h a t  f o r  th e  u n l im i t e d  i n t e r m e d i a t e  
m f f e r s  a lways  t h e  balanced  system  y i e l d s  t h e  maximal thro u g h p u t ,  we 
o n c lu d e  / c f  C7J , [31J /  t h a t  b u f f e r s  cannot reduce  t h a t  p o r t io n  o f  
iro d u ct io n  l i n e  i n e f f i c i e n c y  which i s  caused by unequal  mean s e r v i c e  
imes a t  d i f f e r e n t  s t a t i o n s .
B u z a c o t t  [ 8 ]  p o i n t s  o u t ,  t h a t  i f  due t o  lo n g  term imbalance  
letween s t a g e s  a b u f f e r  i s  permanently  f u l l  /  or perm anently  em p ty /  
,t i s  s e r v i n g  no u s e f u l l  pu rp o se .T h u s  th e  magnitude o f  queue l e n g t h  
a r i a t i o n s  may s e r v e  as  a measure o f  th e  b u f f e r  e f f e c t i v n e s s .
!hese remarks are  c o n s i s t e n t  w i t h  r e s u l t s  c i t e d  in  s e c t i o n  5, where  
‘or l a r g e  enough b u f f e r  s i z e s  t h e  ba lan ced  c a se  was dem onstrated t o  
>e o p t i m a l .
C e r t a i n l y  a s  i t  i s  v i s i b l e  from th e  p r e v io u s  s e c t  i o n , b u f f e r s  may 
l i g n i f i c a n t l y  d e c r e a s e  the  bad r e s u l t s  o f  s e r v i c e  t im e  i r r e g u l a r i t i e s .
U s in g  th e  upper bound v £  g iv e n  by (7 )  , one can s u g g e s t ,  t h a t  
;he r a t i o  /  v £  i s  some measure o f  b u f f e r  e f f i c i e n c y . L e t  us n o t i c e  
;hat in  a l l  the  f i g u r e s  and t a b l e s  p r e s e n t e d  so f a r  = 1.
P ig ,  2 g i v e s  a good example o f  b u f f e r  s i z e  N i n f l u e n c e  on sy s tem  
: a p a c i t y . T h i s  i n f l u e n c e  can be p r e s e n te d  in  a s im p le ,  a n a l y t i c a l  form ,  
lunt l20j  found t h a t  f o r  a t w o - s t a g e  b a la n ced  system w i t h  e x p o n e n t i a l  
serv ic e  t i m e s  and Е(Ъ^) = 1 ;  i = 1 , 2  system  c a p a c i t y  can be e x p r e s s e d  
)y a s im p le  form ula
V= N »2  H +3 * ( 1 1 )
?hus a dd ing  an a d d i t i o n a l  w a i t i n g  p l a c e  t o  a b u f f e r  o f  s i z e  N l e a d s  
;o a r e l a t i v e  g a in  o f  E ,
N 2 * 6 N + 8
Values o f  both V and E f o r  d i f f e r e n t  N are  p r in t e d  in  T ab le  5.
( 1 2 )
[t i s  e v i d e n t  t h a t  i n c r e a s i n g  th e  b u f f e r  s i z e  by one l e a d s  always t o  
зоте g a in  b e in g  however s i g n i f i c a n t  f o r  small '  N and o n l y  marginal  f o r
ЖТ
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Thus Hunt concluded t h a t  u s i n g  b u f f e r s  o f  s i z e  l a r g e r  than 5 
d o e s n ^ t ,  g e n e r a l ly ,  p a y .
S i m i l a r  c o n c l u s i o n s  can be drown f o r  unbalanced t w o - s t a g e  queueing  
l i n e s  w i t h  n o n e x p o n e n t ia l  s e r v e r s  from P i g  3 ,  and f o r  t h r e e - s t a g e  
e x p o n e n t i a l  l i n e s  from Table 1 .
B a r ten  C43 s i m u l a t e d  s y s t e m s  w ith  normál s e r v i c e  t im e  d i s t r i b u ­
t i o n s *  Ы=4|6,10 and d i f f e r e n t  v a l u e s  o f  v a r i a b i l i t y  c o e f f i c i e n t ,  de­
m o n s t r a t i n g  that  t h e  above g i v e n  remarks rem ain g e n e r a l l y  t r u e .
T h is  was a l s o  conf irm ed  by S l a c k  and Wild [4 8 3  f o r  M = 5 ,1 0 ,1 5 .
Evidently^ how ever? injorder t o  a c h ie v e  some predeterm ined  system  
c a p a c i t y ,  the  b u f f e r  s i z e s  a p p l i e d  should  be l a r g e r ,  i f  s e r v i c e  t im e  
v a r i a b i l i t y  i n c r e a s e s  / c f  Table  4 / .
Tne s i t u a t i o n  ch a n g e s  s i g n i f i c a n t l y  when s e r v e r s  break-downs are  
in c lu d e d  i n t o  c o n s i d e r a t i o n .
In t h i s  c a s e r a s  p o i n t e d  out by B u za c o t t  Г 7 3 , th e  minimal s i z e  o f  b u f f e r  
should  be equal t o  t h e  mean number o f  s e r v i c e s  completed dur ing  th e  
mean r e p a i r  t im e ,  w h i l e  2 -3  t i m e s  l a r g e r  b u f f e r s  seem t o  be t h e r e a s o -  
n a b l e  c h o ice .T h e  t y p i c a l  b u f f e r  s i z e  would be r a t h e r  3 0 -5 0  t h i s  t i m e .
The problem o f  a l l o c a t i n g  t h e  proper  j o i n t  b u f f e r  s i z e  Z t o  
a q u eu e in g  l i n e  and d i v i d i n g  i t  inbetween d i f f e r e n t  s t a g e s  o b ta in ed  
a l o t  o f  a t t e n t i o n ,  e g .  [ 1 5 ] ,  [ 1 7 ] ,  [ 2 3 ] ,  [ 2 5 ] ,  [ 2 6 ] ,  [29]  . 
U n f o r t u n a t e ly  enough the  m a j o r i t y  o f  r e s e a r c h  was dev o ted  t o  paced  
qu eu e in g  l i n e s  and t h u s  the  o b ta in ed  r e s u l t s  are  n o t  o f  d i r e c t  use  
in  our c a s e .L e t  us  p r e s e n t  an example o f  t h e  d i f f e r e n c e s .
Por paced l i n e s  i t  i s  s t r e s s e d  /  [ 1 5 ] ,  [29] /  t h a t  the  u n r e l i a b l e  
s t a g e s  / i n  other  words : s t a g e s  w i t h  h ig h  v a r i a b i l i t y /  l o c a t e d  a t  th e  
end o f  t h e  l i n e  a s k  f o r  more s i g n i f i c a n t  i n c r e a s e  o f  b u f f e r  s i z e  in  
order  t o  a c h iev e  p r o p e r  sys tem  c a p a c i t y ,  than  i d e n t i c a l  s t a g e s  p o s i ­
t i o n e d  in  fro n t  o f  t h e  l i n e . T h i s  i s  o b v i o u s l y  in  d i sa g re em e n t  w i t h  
t h e  r e v e r s i b i l i t y  p r o p e r t y . A l s o  the  s u g g e s t i o n  /  [151  /  t h a t  th e
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ä i v i s i o n  o f  t o t a l  b u f f e r  s i z e  Z among d i f f e r e n t  l o c a t i o n s  in  t h e  l i n e  
i o e s n * t  depend on t h e  v a l u e  o f  Z i s  n o t  a p p l i c a b l e  f o r  th e  unpaced case.
An e x t e n s i v e  s tu d y  o f  b u f f e r  a l l o c a t i o n  problems has  been p r e s e n ­
ted by El-Rayah C 4 2 l .  The c a se  o f  b a lan ced  queueing  l i n e s  w i t h  Ms=3,4 
das been s i m u l a t e d ,  assuming i d e n t i c a l  v a r i a b i l i t y  c o e f f i c i e n t s  o f  a l l  
s e r v e r s .T h e  o b j e c t i v e  o f  exper im ent  was t o  v e r i f y ,  sh ou ld  th e  in t e r m e ­
d i a t e  queues have i d e n t i c a l  maximal s i z e s ,  or  should t h e y  be u n e q u a l ,  
p r e s e r v in g  d u r in g  th e  experim ent  th e  c o n d i t i o n
M
^  Z = c o n s t .
i=Z
I t  was v e r i f i e d ,  t h a t  f o r  Z,^ M - ^)4 indeed  equal  b u f f e r s  y i e l d  th e  
aaximal system c a p a c i t y ,  a s  what could have been a n t i c i p a t e d  -  e v e r y  
attempt t o  d e c r e a s e  any o f  the  b u f f e r s  s i g n i f i c a n t l y  h a n d ic a p p es  the  
3 ta g e s  i n v o l v e d .
Por l a r g e r  v a l u e s  o f  Z i t  occured t h a t  t h e  equal  a ss ig n m en t  l e a d s  
to a lm o st  o p t im a l  r e s u l t s ;  sometimes o n ly  a s s i g n i n g  l a r g e r  b u f f e r s  
to m idd le  s t a g e s  y i e l d s  some -  a lm ost  n e g l i g i b l e  -  g a i n .
Thus i t  o c c u r s  t h a t  i n c r e a s i n g  the  b u f f e r  s i z e  a t  some s t a t i o n s  
Leads t o  s i m i l a r ,  but c o n s i d e r a b l y  s m a l l e r ,  e f f e c t  a s  i n c r e a s i n g  t h e  
3 e rv ers  sp ee d .
T h is  e f f e c t  b e in g  sm a l l  enough does  h a r d l y  lead  t o  "unbalancing"  
ju eu e in g  l i n e s  w i t h  i d e n t i c a l  s e r v e r s  in  t h e  s e n s e  o f  b u f f e r  c a p a c i t i e s ,  
Lt may however be q u i t e  v a l u a b le  when d i f f e r e n t  s e r v e r s  are  i n v o l v e d .
Smith and Brumbaugh C46] c o n c lu d ed ,  t h a t  s e r v i c e  t im e  v a r i a b i l i t y  
ïhould be c o n s id e r e d  when a l l o c a t i n g  b u f f e r  s i z e s . They s t a t e d  t h a t  
r e l a t i v e l y  g r e a t e r  b u f f e r s  should be a l l o c a t e d  around more v a r i a b l e  
s t a g e s ,  w h i l e  p o s s i b l e  b e n e f i t s  from proper  a l l o c a t i o n  a r e  s m a l l e r  than  
Losses in curred  i f  th e  arrangement i s  im p r o p e r .D e p a r tu r es  from e q u a l  
s u f f e r  a l l o c a t i o n  were found t o  have g r a t e r  impact when th e  t o t a l  
s u f f e r  s i z e  Z was s m a l l .
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8 .  The e f f e c t  o f  i n t r o d u c i n g  p a r a l l e l  s e r v e r s  .
In s e c t i o n s  5 - 7  on ly  the  c a s e  o f  queueing  l i n e s  was d i s c u s s e d .
L et  us now c o n s i d e r  t h e  e f f e c t  o f  i n t r o d u c i n g  m u l t i s e r v e r s  a t  some 
s t a g e s .
Wild and S l a c k  Ц511 in  a s i m u l a t i o n  s tu dy  compared th e  o p e r a t io n  
o f  two queueing l i n e s  w ith  th e  c a s e  o f  a MQS having  two s e r v e r s  a t  
each  s t a g e  and t h e  same b u f f e r  s i z e  per  s e r v e r . l t  was found t h a t  the  
second system i s  a lw a y s  more e f f e c t i v e ,  t h e  g a in  b e i n g  h ig h  in  th e  
c a s e  o f  l a r g e  number o f  s t a g e s ,  low b u f f e r  s i z e , a n d  h i g h  s e r v i c e  t ime  
v a r i a b i l i t y ,  and c o m p a r a t iv e ly  lo w e r  o t h e r w i s e .
A s y s t e m a t i c  a n a l y t i c a l  s t u d y  o f  homogeneous t w o - s t a g e  queueing  
sy s te m s  w i th  e x p o n e n t i a l  m u l t i s e r v e r e  a t  b o th  s t a g e s  was p u b l i sh e d  
by W olisz  C5 3 H .
a /  Two-stage s y s t e m s  : the b a la n c e d  c a s e .
Por th e  b a la n c e d  case  / a s  d e f i n e d  by e q u a l i t y  ( 3 )  /  th e  in f l u e n c e  
o f  b u f f e r  s i z e  К and number o f  s e r v e r s  n  ^ =n2 = К on^ystem c a p a c i t y  
was i n v e s t i g a t e d . A s  p r e sen ted  i n  F i g . 5 t h e  i n f l u e n c e  o f  i n t e r m e d i a t e  
b u f f e r  s i z e  i s  s i m i l a r  as infthe queueing  l i n e s . l t  i s  worth s t r e s s i n g ,  
t h a t  system c a p a c i t y  i n c r e a s e s  w i t h  th e  i n c r e a s e  o f  t h e  p a r a l l e l  
s e r v e r s  number K, a s  the  a d d i t i o n a l  s e r v e r s  a c t  a l s o  a s  a d d i t i o n a l  
b u f f e r s . T h u s  in  t h e  ca se  when t h e  b u f f e r  c a p a c i t y  i s  s t r o n g l y  l i m i t e d ,  
a p p ly in g  o f  many s lo w  s e r v e r s  a t  every  s t a g e  pays b e t t e r  then  u s in g  
a few quick o n e s .
A lso  ano th er  experiment was r e p o r t e d  t h e r e .T h e  t o t a l  system  
accu m u la t ion  L was assumed t o  be c o n s t a n t ,  i t  could  however be d i f f e ­
r e n t l y  devided be tw een  s e r v e r s  and b u f f e r  w i th  r e s p e c t  t o  an e q u a l i t y
2 К + N = L
151
R e s u l t s  f o r  L ^  10 are  p l o t t e d  in  F i g . 6 showing t h a t  i t  i s  e v i d e n t l y  
b e t t e r  t o  have a s  l a r g e  b u f f e r  a s  p o s s i b l e . F u r t h e r m o r e  a system w i t h  
l a r g e r  a c cu m u la t io n  can have a lo w er  c a p a c i t y  than a n o t h e r  sys tem  
having  s m a l l e r  a c c u m u la t io n ,  but  dev ided  so  as t o  f a v o r  b u f f e r s  s i z e  
on expence o f  t h e  nuinber o f  s e r v e r s  /  c a s e s  K=4,R=2 and K=2,N=4 compa­
r e d ,  may s e r v e  a s  e x a m p le / .
Thus t h e  f o l l o w i n g  r u l e  sh ou ld  be a p p l i e d ï 
I f  p o s s i b l e  a queu e in g  l i n e  w i t h  l a r g e  b u f f e r s  should  be used .
I f  t h e r e  i s  no p o s s i b i l i t y  o f  i n t r o d u c i n g  b u f f e r s  /  or t h e i r  s i z e  i s  
s e v e r l y  l i m i t e d /  th en  th e  use  o f  s low m u l t i s e r v e r s  i n s t e a d  o f  qu ick  
s i n g l e - s e r v e r s  r e s u l t s  in  c a p a c i t y  i n c r e a s e .
F ig  7 d e m o n s tr a te s  t h a t  sy s tem s  h a v in g  th e  equal  number o f  s e r v e r s  
at  both s t a g e s  / b u f f e r  s i z e  b e i n g  c o n s t a n t /  are  a lw ays  most e f f i c i e n t .
A comparison o f  a MQS and s e v e r a l  q u eu e in g  l i n e s  a s  p r e se n te d  
in  F ig  8 was done r e s u l t i n g  in  an exper im en t  s i m i l a r  t o  t h a t  r e p o r t e d  
in  Q513 .The r e s u l t s  are  p r e s e n te d  in  Table  6 .
The c o n c l u s i o n s  o f [ 5 U  have been f u l l y  su pp o rted .T h us  t h e  system  from 
F ig  8b was a lw ays  b e t t e r
Ъ/ Two-stage  sy s tem s  -  the  unbalanced c a s e
Let us denote  f o r  the  sake o f  s i m p l i c i t y
A j  = ° V A « *  ; Ajr = " V A :T
According  t o  (2)  f o l l o w i n g  e q u a t io n  i s  t o  be r e s p e c t e d
System c a p a c i t y  f o r  n  ^ =n  ^ = K, N = 0 i s  p l o t t e d  in  f i g  9 ,  showing  
t h a t  in  t h i s  c a s e  t h e  balanced  system  i s  a lw a y s  o p t im a l .  L o sses  due 
t o  u n b a la n c in g  i n c r e a s e  w i th  t h e  i n c r e a s e  o f  K .
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I f  however the number o f  s e r v e r s  a t  bo th  s t a g e s  i s  u n e q u a l ,  then p ro ­
p er  unbalancing  i . e .  a s s i g n i n g  h ig h e r  s e r v i c e  i n t e n s i t y  t o  th e  s t a g e  
h a v in g  l a r g e r  number o f  s e r v e r s  l e a d s  t o  i n c r e a s e  o f  sy s tem  c a p a c i t y .
Examples a d v o c a t i n g  t h i s  s ta te m e n t  a r e  p l o t t e d  in  P i g  10 ,  where  
a c o n s t a n t  d i f f e r e n c e  in  numbers o f  s e r v e r s  n.j -  n 2 = 2 was assumed.
B oth  the  g a in  o v e r  b a lan ced  c a se  anà o p t im a l  u n b a la n c in g  d e c r e a s e  
w it h  i n c r e a s e  of e i t h e r  b u f f e r  s i z e  К or sy s tem  a c cu m u la t io n  L, and 
i n c r e a s e  w ith  i n c r e a s e  o f  th e  d i f f e r e n c e  n.j -  n2 .
However i t  was dem onstrated  t h a t  a l t h o u g h  f o r  n-j Ф n 2 ал o p t i m a l l y  
unbalanced system h a s  h ig h e r  c a p a c i t y  than a ba lanced  one ,  i t  i s  
worse  than a balanced„;case  where the  i d e n t i c a l  t o t a l  number o f  s e r v e r s  
n 1 + П2 wou-^ e q u a l l y  d ev id ed  between t h e  e t a g e s . T h e  l o s s  i s  h ig h e r  
f o r  s m a l l  n.j + n 2 and sm al l  H.
Thus to o p t i m i z e  the  c a p a c i t y  o f  su ch  sys tem s one sh o u ld  t r y  t o  
app ly  equa l  numbers o f  s e r v e r s  a t  both  s t a g e s  and b a l a n c e  t h e  sy s te m ,  
o n ly  i f  t h i s  i s  i m p o s s i b l e ,  t h e  l o s s  r e s u l t i n g  from t h e  unequal  numbers 
o f  s e r v e r s  may be m inim ized by proper  u n b a la n c in g .
9 .  Remarks on o t h e r  o p t i m i z a t i o n  c r i t e r i a  •
Throughout t h i s  paper we were concerned  w ith  a un ique  o p t i m i z a t i o n  
g o a l  : system c a p a c i t y  m a x im iz a t io n . I n  t h i s  s e c t i o n  we s h a l l  mention  
b r i e f l y  other  c h a r a c t e r i s t i c s  which are  a l s o  f r e q u e n t l y  c o n s id e r e d  
as im portant  d e s i g n  f a c t o r s .
The most commonly used c h a r a c t e r i s t i c s  are:
-  The expected number o f  demands in  th e  sys tem
-  The i d l e  time o f  i n d i v i d u a l  s t a g e s
-  The mean in -  s y s t e m  time / s u j o u r n  t i m e /  o f  demands.
I t  sh o u ld  be m en t ioned  t h a t  t h o s e  c h a r a c t e r i s t i c s  a re  o f  s i g n i f i c a n t  
i n t e r e s t  both f o r  open and s a t u r a t e d  s y s t e m s ,  as  w e l l  a s  f o r  sy s tem s  
w it h  i n f i n i t e  i n t e r m e d i a t e  qu eu es .
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I t  has been proved /  f o r  example [4 2 ]  * [ 4 6 ]  /  t h a t  opt im al  system  
param eters  chosen f o r  d i f f e r e n t  o f  t h i s  c h a r a c t e r i s t i c s  do n o t  c o i n ­
c i d e . A l s o  the  s e n s i t i v i t y  o f  t h i s  f a c t o r s  on param eter  changes i s  
q u i t e  d i f f e r e n t .
Por example f o r  e queueing  l i n e  w ith  M=3,Z=8 ch ang in g  the  b u f f e r  
a l l o c a t i o n  p a t t e r n  from =3,  =5 'to = >^ K3 i n c r e a s e s  t h e
e x p e c ted  number o f  u n i t s  in  sys tem  from 6 . 3  up t o  7 . 6  not  i n f l u e n c i n g  
the  system  c a p a c i t y  a t  a l l  -  s y s te m s  b e in g  du a l  [4 2 ]  .
The b u f f e r  a l l o c a t i o n  from sm a l l  to  l a r g e  a lo n g  th e  l i n e  was 
a d v o c a ted } as  d e c r e a s i n g  s i g n i f i c a n t l y  the  e x p e c ted  number of  u n i t s  
in  s y s t e m , w i t h  on ly  marginal  l o s s  o f  c a p a c i t y  f o r  l a r g e r  M as  w e l l .
Optimal s e q u en c in g  of  open t w o - s t a g e  q u eu e in g  l i n e s  m inim izing the  
delay was studied  a n a ly t ic a lly  by Tembe and W olff [5 0 ]  fo r  i n f i n i t e ,  
and by Kawashima [2 2 ]  fo r  f i n i t e  in term ed iate queues.
S im u la t io n  s t u d i e s  o f  q u eu e in g  l i n e s  w i t h  i n f i n i t e  i n t e r m e d i a t e  
queues t o g e t h e r  w i th  o p t i m i z a t i o n  o u t l i n e s  were r e p o r t e d  f o r  M=2 in  
[ 3 0 ]  and [ 4 5 ]  w h i l e  l i n e s  w i t h  M=4 and M=20 were s t u d i e d  in[21][30]  
r e s p e c t i v e l y .
Complex o p t i m i z a t i o n  c r i t e r i a  are o f t e n  used f o r  d e te r m in in g  th e  
proper  b u f f e r  s i z e  [ 5 ] ,  [ 1 ] ,  [ 2 3 ]  .
I t  i s  s u g g e s t e d  t h a t  b u f f e r  s i z e  should be chosen  w i th  regard to  
f o l l o w i n g  f a c t o r s :
-  c o s t s  o f  s e r v e r s  i d l e  time
-  c o s t s  o f  d e c r e a s i n g  sys tem s throughput due t o  l i m i t e d  s t o r a g e
-  c o s t s  o f  h o ld in g  th e  in v e n t o r y  o f  demands in  system
-  c o s t  o f  s t o r a g e  space
C lo s e r  d i s c u s s i o n  o f  t h e s e  problems e x c e e d s  however the  scope
of  t h i s  paper
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10.  C o n c lu s io n s  .
In view o f  th e  s t a t e s m e n t s  p r e se n te d  above ,som e g e n e r a l  c o n c l u ­
s i o n s  can be made.
Let us in t r o d u c e  i n f o r m a l l y  t h e  concept  o f  i n d i v i d u a l  s t a g e  e f f i c i e n c y  
d e s c r i b e d  as  f o l l o w i n g s  i f  t h e  e f f i c i e n c y  o f  any s t a g e  i n c r e a s e s ,  
w h i l e  o th e r  s t a g e s  remain unchanged, then  th e  c a p a c i t y  o f  th e  whole  
sys tem  w i l l  be i n c r e a s e d . l e  s h a l l  a l s o  assume t h a t  th e  e f f i c i e n c y  o f  
i d e n t i c a l  s t a g e s  i s  e q u a l .
The rev iew ed  in t h i s  paper  r e s u l t s  d e m o n s tr a te d ,  th a t  the  
e f f i c i e n c y  o f  i n d i v i d u a l  s t a g e s  may be in c r e a s e d  by:
-  d e c r e a s i n g  s e r v i c e  t ime /  i . e .  i n c r e a s i n g  s e r v i c e  i n t e n s i t y / ,
-  r e d u c in g  s e r v i c e  v a r i a b i l i t y  ,
-  improving s e r v e r s  r e l i a b i l i t y ,
-  i n c r e a s i n g  th e  s i z e  o f  b u f f e r  b e l o n g i n g  t o  t h i s  s t a g e  ,
-  r e p l a c i n g  a s i n g l e  s e r v e r  w i t h  a m u l t i s e r v e r  w i t h  i d e n t i c a l  
s e r v i c e  i n t e n s i t y .
G e n e r a l ly  queueing  l i n e  a c h i e v e  the  maximal th ro u g h p u t ,  when th e  
s t a g e s  e f f i c i e n c y  i s  u n eq u a l ,  most e f f i c i e n t  s t a g e s  b e in g  l o c a t e d  
in  t h e  middle  o f  the  l i n e ,  and l e s s  e f f i c i e n t  b e in g  g r a d u a l ly  moved 
in  t h e  d i r e c t i o n  o f  i t s  e n d s . T h i s  can b e , e s s e n t i a l l y , o b ta in ed  by 
chang in g  any o f  the  above l i s t e d  p a r a m ete rs ,  however w ith  q u i t e  
d i f f e r e n t  s e n s i t i v i t y *  Gome i l l u s t r a t i v e  d a ta  were g iv e n  in  p r e v io u s  
chapter» .
I t  should be s t r o n g l y  s t r e s s e d ,  t h a t  the  v a l u e  o f  r e s u l t s  r ev iew  
here  l i e s  by f a r  more in  t h e i r  q u a l i t a t i v e  than q u a n t i t a t i v e  p a r t .
In p r a c t i c e  n e i t h e r  b b t a i n i n g  s t r i c t l y  eq u a l  nor  o p t im a l ly  unequal  
s t a g e  param eters  i s  p o s s i b l e  w ith  h ig h  p r e c i s i o n .
The most im portant  t h i n g  i s  t o  know, in  which d i r e c t i o n  should  th e  
u n e v o id a b le  d i s c r e p e n c e s  from the  i d e a l  c a s e  be p e r m i t t e d ,  in  order  t
a p r i  n u n  1 П Я Я Й Я .
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N o t i c e  t h a t  in  a l l  the  o p t i m i z a t i o n  o u t l i n e s ,  a s  a r u l e  th e  
p o s s i b l e  g a in  from o b s e r v in g  the  o p t i m i z a t i o n  p a t t e r n  was s i g n i f i c a n t l y  
s m a l l e r  than the  l o s s  caused by a wrong d e c i s i o n  , a l t h o u g h  sometimes  
the  g a in  i t s e l f  was a l s o  worth app ro a ch in g  •
In t h i s  s e n s e  th e  e x a c t  knowledge o f  s e r v i c e  t ime d i s t r i b u t i o n  i s  not  
e s s e n t i a l ,  a s  lo n g  a s  t h e i r  v a r i a b i l i t y  c o e f f i c i e n t  d o e s  n o t  exceed  
u n i t y . A l l  the  r e s u l t s  remain q u a l i t a t i v e l y ,  s i m i l a r  in  t h i s  c a s e ,  
and q u a n t i t a t i v e  d i s c r e p e n c e s  a r e , u s u a l l y ,  s m a l l .
The c a se  o f  C> 1 r e c e i v e d  v e ry  few a t t e n t i o n  so  f a r .
T h is  o c c u r s  i f  t h e  breakdown p r o c e s s  i s  t r e a t e d  j o i n t l y  w i th  t h e  service 
A lso  in  th e  c a se  i f  a t  some s t a g e s  one o f  s e v e r a l  n o n - i d e n t i c a l  
s e r v e r s  i s  used a l t e r n a t i v e l y  f o r  a g i v e n  demand /  b e c a u se  o f  i t s  
s p e c i a l ,  i n d i v i d u a l  f e a t u r e s /  such s i t u a t i o n  o c c u r s ,  l e a d i n g  f o r  
example t o  h y p e r e x p o n e n t i a l  s e r v i c e  t ime d i s t r i b u t i o n .
Such s i t u a t i o n s  are  n o t  uncommon w h i l e  m o d e l l i n g  p r o d u c t io n  s y s t e m s .
As some i r r e g u l a r i t i e s  have been n o t i c e d  / c f .  s e c t i o n  5 /  f o r O I  
t h i s  a r ea  needs  f u r t h e r  r e s e a r c h .
S i m i l a r l y  f u r t h e r  r e s e a r c h  i s  needed in  order  t o  v e r i f y  t o  what 
e x t e n t  th e  r e s u l t s  o f  i n t r o d u c i n g  p a r a l l e l  s e r v e r s  d i s c u s s e d  in  . 
s e c t i o n  8 may be g e n e r a l i z e d  f o r  th e  system  w i th  l a r g e r  number o f  
s t a g e s .
I t  i s  e s s e n t i a l  w h i l e  u s in g  o p t i m i z a t i o n  r u l e s  s u g g e s t e d  in  
some pap ers  t o  make s u r e ,  t h a t  the  models  are  q u i t e  i d e n t i c a l  in  
th e  r e f e r r e d  r e p o r t  and in  th e  a p p l i c a t i o n  c o n s i d e r e d .
M isu n d ers ta n d in g s  caused by some r u l e s  s u g g e s t e d  f o r  paced s y s t e m s  
in  a p p l i c a t i o n  t o  th e  unpaced c a se  where mentioned e a r l i e r .
S i m i l a r l y  th e  D av is  Q14H c o n j e c t u r e  about u n b a la n c in g  p a t t e r n  i s  f r e ­
q u en t ly  c i t e d  w i th o u t  n o t i c i n g  t h a t  i t  was o r g i n a l l y  fo rm u la te d  f o r  
a system  w i t h  l o s s e s  / e g  [1 0 J  /  !
Seemingly  s m a l l  d i f f e r e n c e s  in  the  i n v e s t i g a t e d  m odels  l e a d  some­
t im e s  t o  Quite  different oritimizat.i nn rulen.
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Ae i t  was i l l u s t r a t e d  by f i g u r e s  and t a b l e s  t h e  g a i n  in  c a p a c i t y  
o b ta in e d  through sy s te m  o p t i m i z a t i o n  i s  sometimes s m a l l .
Thus th e r e  i s  an e s s e n t i a l  d i f f i c u l t y  in  o p t i m i z a t i o n  s t u d i e s  f o r  
sy s te m s  where no e x a c t  a n a l y t i c a l  r e s u l t s  are a v a i l a b l e  /  t h e  erro r  
in tr o d u ce d  by a pp rox im ate  methods may deform th e  c o n c l u s i o n s  o b t a i n e d /
Using  s i m u l a t i o n , a  g r ea t  a f f o r d  must be done t o  v e r i f y  the  s t a t i ­
s t i c a l  s i g n i f i c a n c e  o f  the  o b ta in e d  r e s u l t s ,  e rr o n e o u s  s t a t e s m e n t s  
b e i n g  by f a r  not  uncommon.
In t h i s  paper f i g u r e s  and t a b l e s  were c o n s t r u c t e d  m ain ly  f o r  
t h e  models i n v e s t i g a t e d  by use o f  a n a l y t i c a l  t o o l s ,  t o  avo id  qu ot ing  
some mean v a l u e s ,  b e i n g  m e a n in g le s s  w i t h o u t  c i t i n g  a l s o  the  back in g  
them s t a t i s t i c a l  r e a s o n i n g .
F i n a l l y  i t  h a s  t o  be s t r e s s e d  t h a t  f a c t o r s  o t h e r  than system  
c a p a c i t y  g e n e r a l l y  r e a c t  d i f f e r e n t l y  t o  th e  o p t i m i z a t i o n  r u l e s  pre ­
s e n te d  here .H owever  th e  in fo r m a t io n  about e f f e c t s  o f  i n d i v i d u a l  s t a g e s  
parameter  changes on system c a p a c i t y  rem ains  im portant  a l s o  i f  o ther  
o p t i m i z a t i o n  g o a l s  are  chosen ,  making i t  p o s s i b l e  t o  d e c id e  on 
a r e a so n a b le  p o l i c y  f o r  the o c c u r in g  t r e d e o f f s .
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F i g .  1. A m u l t i s t a g e  q u e u e i n g  s y s t e m
Xo ~ t h e  i n t e n s i t y  o f  d ema nd s  a r r i v a l s
n £ -  t h e  n u m b e r  o f  s e r v e r s  i n s t a l l e d  a t  i - t h
s t a g e
A^ -  j - t h  s e r v e r  b e l o n g i n g  t o  i - t h  s t a g e
S^ -  b u f f e r  f o r  demands  w a i t i n g  t o  be s e r v e d
a t  i - t h  s t a g e
N£ -  t h e  s i z e  o f  b u f f e r
У £ -  s e r v i c e  i n t e n s i t y  o f  s e r v e r  A'l
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F i g .  2. C a p a c i t y  o f  a t w o - s t a g e  u n b a l a n c e d  q u e u e i n g  
l i n e  w i t h  e x p o n e n t i a l  s e r v e r s .  D a t a  t a k e n  f r o m  
C1 8  ] .
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F i g .  3. C a p a c i t y  o f  a t w o - s t a g e , u n b a l a n c e d  q u e u e i n g  l i n e .
E x p o n e n t i a l  s e r v i c e  t i m e  was a s s u m e d  a t  t h e  f i r s t  
s t a g e , w h i l e  e i t h e r  r e g u l a r  ( c a s e  a )  o r  h y p e r e x p o n e n ­
t i a l  ( c a s e  b )  d i s t r i b u t i o n  w i t h  C -  / 3  i s  a p p l i e d  
a t  t h e  s e c o n d  s t a g e .  Da t a  t a k e n  f r o m  Г 5 2□.
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N -  0.  Da ta  t a k e n  f r o m  [ 3 8 7 .
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i n d i v i d u a l  s t a g e s ,  n^  f  n ^ ,  n 2 + n 2 ~ c o n s ^- 
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F i g .  8. Two s y s t e m s  b e i n g  c o m p a r e d  C53□
a)  К q u e u e i n g  l i n e s ,  e a c h  w i t h  i n t e r m e d i a t e  
b u f f e r  o f  s i z e  N^
b )  h o m o g e n e o u s  t w o - s t a g e  q u e u e i n g  s y s t e m  w i t h  
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F i g .  9.  The c a p a c i t y  o f  a t w o - s t a g e  u n b a l a n c e d  h o m o g e n e o u s  
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10 .  The c a p a c i t y  o f  a t w o - s t a g e  u n b a l a n c e d  q u e u e i n g  
s y s t e m  C 5 3 H w i t h  d i f f e r e n t  n u m b e r  o f  s e r v e r s  a t  
i n d i v i d u a l  s t a g e s .
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M«3 M=4
оH K=2 N=4 H=0
Dptimal unbalancing
В (ъ 2)
0 .8 2
/ 0 . 8 3 /
0 .92 0.94 0.86
Throughput in cr ea se  
jver the balanced 
;ase [ % ]
100.5
/ 1 0 0 . 5 4 /
100.4 100.3 100.9
lange of unbalancing  
jreserving maximal 
gain -0.1%
0 .7 4 -0 .9 2 0 .8 6 -0 .9 6 0 .9 2 - 0 .9 8 0 .8 2 -0 .9 2
Jnbalancing / i n  pro­
per d irec t io n  p res er ­
ving the throughput 
3f the balanced case
0 .66 0.82 0 .88 0.72
Table 1 .The capacity o f  unbalanced three and fo u r -  stage  
queueing l in e s .B a s e d  upon data from ß8 3 , data  
in  parenthes is  taken from [413
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Optimal unbalancing
E (b-j) =* 1 .1  E(b^= 1 .06  E^b^a 1.02  
e O ^ - 0 .9 8  ECb5)= 0 .9*  E(bg)= 0.9
Unbalancing / i n  proper/  
d ire c t io n  preserv ing  the  
throughput of  the balan­
ced case
ECb^ » 1 .2  EÜd^ »  1 .1 2  EÍb^ = 1.04  
E(b4)= 0 .9 6  Е(Ъ5) = 0 . 8 8  Е (b )^ « 0 .80
Throughput in crease  over 
the balanced case [ % ] 1 %
Table 2 .  Some d a t a  c h a r a c t e r i z i n g  th e  c a p a c i t y  o f  an unbalanced  
queueing  l i n e  w ith  M=12, K=0, a c co r d in g  t o  [4 'll •
An e q u a l i t y  E (b.) = E f b ^ . ^ )  h o l d s .
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The pattern  
considered
C apacity of 
balanced case
Gain from 
unbalancing
Optimal 
B (b,)
unbalancing  
J (b 2) E(b3)
a /  E E D 0.6160 102.80 1.00 0.73 1.27
b / D E E 0.6160 102.80 1.27 0.73 1.00
с /  E D E 0.6167 100.35 0.945 1.110 0.945
d / E D D 0.7311 106.79
<
0.62 1.19 1.19
e /  D D E 0.7311 106.79 1.19 1.19 0.62
f / H D 0.7311 106.79 1.19 0 . 6 2 1.19
g / D Í D 1 Ko
h / E B E 0.5641 100.5 1.09 0 .82 1.09
Table 3. Optimal unbalancing of th r ee - s ta g e  système with
d i f f e r e n t  s e r v ic e  time d i s t r ib u t io n s  /based on [403 / .  
The l a s t  pattern  u t i l i z e s  data from DtëJ 
E stands for  exponentia l  and D for  d e te r m in is t ic
s e r v i c e  time d is t r ib u t io n *
S e r v i c e  t im e  d i s t r i b u t i o n  a t  t h e  second  s t a g e
c?
Uniform E r lan g
£
оий
м
ои•r~
о
C . , -1 ,  К=0 C.,-1,  U=1 С1=0,  N=0 с п=1, К=0 С1» 1 , Н-1
0 . 0 0 1 . 0 0 .7 3 1 0 6 0 .8 2 3 6 6 1 . 0 0 .7 3 1 0 6 0 . 8 2 3 6 6
0.10 0 . 9 5 8 5 0 0 .7 3 0 0 8 0 . 8 2 2 6 3 0 . 9 1 6 7 0 0 .7 3 0 0 8 0 . 8 2 2 6 3
0 . 2 0 0 . 9 2 0 3 0 0 .7 2 7 1 2 0 . 8 1 9 5 4 0 .9 2 6 3 3 0 .7 2721 0 . 8 1 9 6 0
0 . 3 0 0 . 8 8 5 0 3 0 . 7 2 2 2 0 0 .8 1 4 4 3 0 . 8 9 3 7 2 0 .7 2 2 6 2 0 .8 1 4 7 1
0 . 4 0 0 . 8 5 2 3 7 0 .7 1 5 3 0 0 . 8 0 7 3 0 0 . 8 6 5 3 0 0 . 7 1 6 3 5 0 . 8 0 7 7 3
0 . 5 0 0 . 8 2 2 0 3 0 .7 0 6 4 0 0 . 7 9 8 2 4 0 .8 3 6 5 5 0 .7 0 9 4 2 0 .8 0 0 2 9
Zab le  4 .  C a p a c i t y  o f  a t w o - s t a g e ,  b a l a n c e d  q u e u e in g  l i n e  w i t h  e i t h e r  r e g u l a r  /С., = 0 /
or e x p o n e n t i a l  /C^ = 1 /  s e r v i c e  t im e  d i s t r i b u t i o n s  a t  t h e  f i r s t  s t a g e  and two 
d i f f e r e n t  s e r v i c e  t im e  d i s t r i b u t i o n s  w i t h  v a r i a b i l i t y  c o e f f i c i e n  C2 a t  t h e  
second a t e g e .  Data t a k e n  from L39] .
177
К 0 1 2 3 4 5 6 7 8 9 10
V 0,66 0.75 0 .8 0.833 0.857 0.876 0.889 0.9 0.909 0.917 *0.924
(tin 1 2 . 5 6.66 4.17 2.86 2 .08 1.59 1.25 1.01 0.834 0 .7 0.595
3 * >
Table 5. Values of V and E versus N fo r  the two-stage system with exponentia l  servers .
Í___ I
N = 0 a H » 1 a
N = 2 a
К queueing l i n e s 0.6667 0.7500 0.8000
M ult istage Queueing 
Systems with  
m u lt iserv ers
К = 2 0.7500 0.8333 0.8750
К = 3 0.7900 0.8714 0.9072
К -  4 0.8161 0.8940 0.9256
00
Table 6. Comparison of the capacity  achieved by a MQS and corresponding  
se t  of  queueing l in e s .D a t a  taken from £ 5 3 ]  .
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összefoglalás
Véges tárolókapacitású többlépcsős sorbanállási modellek átbocsátóképességének
optimalizálása
A többlépcsős sorbanállási modellek mostanában nagy figyelemnek örvendenek, mert 
jól használhatók számos ipari rendszer modellezésére. Ha a különböző lépcsők kiszolgálási 
ideje eltérő, akkor közöttük sorok jöhetnek létre és a sorok hossza a gyakorlatban korlá­
tozott. A sorhossz túllépése az igény elvesztését eredményezi. Ezt a jelenséget ’ blokkolva- 
sással” kerülik el.
Sok cikk foglalkozott már a többlépcsős rendszerekkel, de még nem állnak rendelke­
zésre egzakt analitikus eszközök arra az esetre, ha a kiszolgálók száma háromnál több, és 
kisebb rendszerekben is csak egyes speciális eseteket vizsgáltak részletesen. A cikk célja 
az átbocsátóképesség-optimalizálás jelenlegi helyzetének bemutatása. A feladat formális 
felállítása után a cikk felvázolja az átbocsátóképességet befolyásoló egyes paraméterek opti­
mális kiválasztását.
Р Е З Ю М Е
Об оп ти м и зац и и  п р о п у ск н о й  с п о с о б н о с т и  м ногоф азны х с и с т е м  
м а с с о в о г о  о б сл уж и в ан и я  с  кон еч н ой  о ч е р е д ь ю  в о т д ел ь н ы х  ф а з а х
М ногофазны е си стем ы  м а с с о в о г о  обсл уж и в ан и я  имею т больш ое
з н а ч е н и е , так  как их хорош о можно и с п о л ь з о в а т ь  д л я  м о д е л и р о в а -
<
ния различны х промышленных с и с т е м . Н есм отря  на т о ,  ч т о  вним а­
ние р я д а  м а тем а т и к о в  о б р а т и л о с ь  на проблем ы  с и с т е м , в н а с т о я ­
щ ее время н ет  точны х а н а л и т и ч е ск и х  с р е д с т в  для  и с с л е д о в а н и я  
с и с т е м , в которы х ч и с л о  обслуживаю щ их п р и б о р о в  больш е т р е х .
Для с и с т е м , в которы х э т о  ч и сл о  н е больш е т р е х ,  т о л ь к о  ч астн ы е  
сл у ч а и  р а ссм а т р и в а ю т ся  п о д р о б н о .
Целью д а н н о й  р аботы  я в л я е т с я  п о к а з  д о ст и ж ен и й  в о б л а с т и  
оп ти м и зац и и  п р о п у ск н о й  с п о с о б н о с т и . П осл е п о ст а н о в к и  за д а ч и  в 
с т а т ь е  п о д р о б н о  и зу ч а ю т с я  осн ов н ы е п а р а м етр ы , от  которы х з а в и ­
с и т  п р о п у ск н а я  с п о с о б н о с т ь  с и с т е м .
..y • '
■ .


